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FOREWORD 
This final, report for the Integral Launch and Reentry Vehicle (lLHV) Study, conducted 
under Contract NAS9-9206 by Lockheed Missiles & Space Company under direction of 
the NASA Marshall Space Flight Center, is presented in three volumes. Volume I, 
Configuration Definition and Planning, contains results of the preliminary cost anal-
yses, conceptual design, mission analyses, program planning, cost and schedule 
analyses, and sensitivity analyses, accomplished under Tasks 1 through 6. Volume II 
covers Task 7, Technology Identification; and Volume III contains results of the 
Special Studies conducted under Task 8. 
Principal LMSC task leaders and contributors in performance of this study include: 
Systems Integration T. E. Wedge Primary Engines A. J. Hief 
System Synthesis J.E. Torrillo Propulsion L'.L. Morgan 
:Mission Analysis D.W. Fellenz Integrated Avionics J~J. Herman 
Design G. Havrisik Safety J ~ A. Donnelly 
C'ost J. Dippel Structures P.P. Plank 
Schedule W. James Thermodynamics F. L. Guard 
T'est R. W. Benninger Aerodynamics C. F. Ehr).ich 
Operations K. Urbach Weights A. P. Tilley 
The three volumes are organized as follows: 
Volume I - Configuration Definition and Planning 
Section 
1 i ~ntroduction and Summary 
2 System Requirements 
3 Configuration Summary 
4 Vehicle Design 
Performance and Flight Mechanics 
" 6 ~erodynamics 
7 Aerothermodynamics 
[ 
[ , 
8 Structures and Materials 
9 Propulsion 
iii 
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Appendix A Drawings 
Appendix B Supplement~al Weight State:lnent 
10 Avionics 
11 Crew Systems 
12 Environmental Control System 
13 Reliability and Maintainability 
14 System Safety 
15 Operations 
16 Test and Production 
17 Cost and Schedules 
Volume II - Technology Identification 
Section 
1 Introduction and SumllR ry 
2 Propulsion System Technol.ogy 
3' Aerodynamics Technology 
4 Aerothermodynamics Technology 
5 . Structure s Technology 
6 Avionics Technology 
7 BIoastronautics Technology 
8 Technology Development Program 
Volume III - Special Studies 
Section 
1 Introduction 
2 Propulsion System Studies 
3 Heentry Heating and Thermal Protection 
Appendix A . Rocket Engine Criteria for a Reus~hle Space. 
4 
5 
Appen<;llx B 
I 
Appe.T~idix C 
.! 
App,;~ndix D 
.e/ 
" l 
-r 
Transport System 
Integrated Electronics System 
Special Subsonic Flight Operations 
Summary of Electronics Component Technology (1972) 
Requirements Definition Example (Propulsion) 
Application of BITE to Onboard Checkout 
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4 INTIDRATED ELECTRONICS SYSTEM 
4.1 Objectives 
4.2 Scope 
4.3 Approach 
CONTENTS 
4.4 Desired Characteristics of an Integrated Electronics 
4.5 
4.6 
System 
Vehicle Syst,\~m Functional Requ:1.rements 
• 
4.5.1 Develcipment of Data Requirements 
4.5.2 Summary of Data Requirements 
4.5·3 Operaticmal Support Requirements 
4.5,,4 Subsystem Computation Requirements 
4.5.5 Controls/Displays 
Alternative 1 
4.6.1 Introduction 
• ~ 4.6.2 Crew Systems - 8.0 
, 4.6.3 Data Managemen't - 9.0 
4.6.4 Requ1.rements 
4.6.5 Actiolls 
4.6.6 Baselim~. Configur~l'tion ~.,',q. 
4.6.7 Physical Characteristics 
4.7 I~S Alternative 2 
4~7.l Opt1ou \ \ \ 
4.7.2 Baseline Configuratioti 
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INTEGRATED ELECTRONICS SYSTEM 
LMSC/A959637 
Vol. III 
"Integrated Electronics" is here considered to be synonymous and interchange-
able ,·rith the term' "Integrated Avionics." As such it encompasses a wide 
range of functions and equipment. Broadly defined, it may j.nclude all Space 
Shuttle equipment employing electronics to sense, acquire, generate, trans-
mit, procet.s, store, record" or display data required for the operation of 
any and all vi:'hicle systems, for determining their operational and flight 
safety status, and for performir,g onboard launch '~ontrol and mission control 
operations. In addition, avionics may include equipment required for elec-
trical power development and energy storage, power control, and power distri-
bution. The software required to accomplish the functions of the individual 
and, inter-related avionics equipment vhould be considered an integral part of 
the avionics. 
Additional equipment, generally considered part of nonavionic subsystems 
(e.g., engine controller, propulsion subsystem) should also be treated as 
avionics equ.ipment in investigations directed at determining the extent of 
integration that is beneficial. Although some developments may be required 
or advantageous in individual subsystem areas" the key issue for the Space 
Shuttle avionics is "Hm., much integration is desirable?" 
4.1 OBJECTIVES 
The objectives of this study were twofold. Broadly stated, they were 'a's 
follows: 
• For a s,elected manned Space Shuttle vehicle of the mid-1970s time 
period, define the system functional requirements for a designated 
configuration of vehicle subsystems. 
• F.or the deSignated configuration, identify the extent to which inte-
I 
grat:i,.on of avionics may be beneficially employed. Operational tunc .. 
tions of subsystems are to be included in the "integrated system" 
study. . i e/ 
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4.2 SCOPE 
It is essential that the scope of this study be clearly understood in order 
that the conclusions reached are not applied to a more general problem with-
out careful regard for the way in which that problem is structured different-
ly from the one treated in this study. Budgetary and time limitations pre-
cluded an exhaustiv~ study of all aspects of the problem of integrating a set 
of avionics equipment for the Space Shuttle. Ground rules were adopted to 
reduce the scope of this complex problem and still permit a meaningful pre-
liminary investigation of integration alternatives. The study scope is de-
lineated below: 
• The orbiter vehicle of the Space Shuttle was selected, thereby 
minimizing the dt~pendence of study results on the Shuttle config-
uration, i.e., the orbiters of the Stage-and-a-F..alf,· Two-Stage, 
and Triamese configura-tions were estimated to be functionally 
Similar, with relatively minor variations of detail. Any Shuttle 
configuration dependence on avionics was to be identified. 
• The configuration to be integrated ioTas confined to a single set of 
vehicle sUbsystems. The reliability/safety requirements 'tTere to be 
investigated for ti-TO cases to indicate the resultant impact. 
• ~le study was confined to technical probl~~ only. Other problems 
(e.g., maintenance and associated costs) were to be flagged, as 
time penni tted. 
• Investigation of the integration of multiple functions into one 
i,tem of equipment (e.g., multi mode radar) was not within the study 
scope. 
• Only major functions Gf subsystems and major components had to be ex-
amined. Subfunctions, tasks, etc., were included as time penni tted 
to better defini tize e:stirnat.es. 
• Payload and ca.rgo hari~dling subsystems were specificB,lly exc.l:uded from Ii /; l 
the study. ,; if F 1/ 
.1 • 
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• The study was directed to the a,mount of integration that is 
beneficial. The scope of the stu6y did not include the design 
of a recommended integrated system. 
• A technology freeze date of late 1912 for electronics components 
was selected to limit the study to considering only those devices 
or equipment that would be available in time for the Shuttle de-
velopment program. 
4.3 APPROACH 
The logistics-resupply mission was selected as most representative for this 
study, and the mission was partitioned into nine phases plus prelaunch. Nine 
subsystems were designated, and the functio,nal requirements of each were iden-
tified for each mission phase to provide a basis for describing functional 
interfaces among Eubsystems and alTlQog major .functional blocks within each 
subsystem. The subsystem ~~rameters essential to each function were identi-
fied and each was categorized as a controll, measure, calculate, or display 
parameter for each function. 
Functional block diagrams w.ere prepared for each f:iubsystem. Interfaces be-
tween subsystems and between major blocks of subs~'stems were tabulated and the 
signal characteristics of each interface were iden"tified. Test point access 
requirements (f'or checkout, fault isolation, and a'bort warning) were tabulated 
for each subsystem, and the characteristics of each test point '.;ere identified. 
Onboard operational support requirements for launch control and for 'miss.ion 
control were estimated, with the Apollo/Saturn used as a model from which the 
orbi ter requirement was extrapolated. Computatioll z'equirements for vehicle 
subsystem functions were estimated on the basis of' previous or current pro-
gram requirements for similar functions. 
The system functional requirements identified above may be.categorized as: 
Onboard checkout and fault. isolation 
Abort warning 
Operations support 
Interface control 
Computation 
4-3 
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Three alternative integrated electronics system implementations were investi-
gated. All three implementations employed the same man-machine interface. 
The configuration of vehicle subsystems to be integrated was a single-thread 
configuration, i.e., not configured redundantly to meet reliability and safety 
requirements. The impact of these requirements was investigated 7;or two spe-
cific cases, but study limitations precluded a complete investigation of all 
subsystems reconfigured redundantly to meet the reliability and safety 
requirements. 
The first alternative IES consisted of conventionally interconnected subsys-
tems and served as a baseline IES configuration. r~nual command, and control 
inputs to subsystems were routed directly from control display rather than 
through a data lnanagemen~ subsystem. Configuration control and sequencing 
functions were performed by respective subsystems upon cemmand, either manual 
or programmed as appropriate. Also, each subsystem was responsible for its 
own performance and provided diagnostic infonaation to the data management 
subsystem. The fUnctions of onboard checkout and fault isolation, abort 
,yarning, and operations support were accomplished. in Alternative 1. 
In the second alternative IES, the functions of Alternative 1 were performed 
and, in addition, subsystems and major components were interconnected through 
standardized interfaces and multiplexed data buses, and information and data 
fIoy! ,,,ere controlled. The control/display data processing was performed by 
the data management subsystem. 
In the third alternative ms, integration by means of a central computer com-
plex was investigated. All functions performed in Alternative 2, plus compu-
tation for subsystem functions, wel~e performed by the central:ized system. 
/ 
The only constraintin~posed on this alternative illS :vras the technology of 
" 
electronic componen,ts as projected to the end of 1912. This technology pro-
jection was made as part of this study. 
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4.4 DESIRED CHARACTERISTICS OF .AN INTEGRATED ELECTRONICS SYSTEM 
The desired characteristics for an integrated electronics system for a manned 
Space Shuttle are listed below. For brevity, subsystem specific items are 
not included - only characteristics applicable to the "means of integration" 
or to the resultant integrated system. 
DESIRED IES CHARACTERISTICS 
• Safe mission termination capability, including postliftoff intact 
abort 
• Redundant fUll mission capability 
• Ability to fail operational after failure of the two most critical 
components (for anyone function) and fail safe after the third 
failure 
• Designed multiple redundant to minimize or eliminate system tran-
-sients caused by component failures 
• Capable of 30-day missions 
• Complete 100 mission cycles with minimum maintenance 
• Designed to support "rapid turnaround, minimum ground maintenance" 
and to use onboard checkout and fault isolation. 
• Debigned for maximum onboard autonomy (Preflight and inflight 
checkout capability plus abort warning and mission operations 
support performed on-board the vehicle.) 
• Flexibility to incorporate technology improvements in any area of 
the system; also, sensitivitr Of a point design should be low to 
increased performance requirements or to quantity of avionics 
equipment to be integrated 
• Reduced cabling, use of standard interfaces, and use of standard 
multiplexed data bus to achieve decreas~d cable weight, improved 
interconnect reliability, reduced EM! susceptibility, and ease of 
incorporating design changes over the program liofe in equipmeg,t 
,.-
with the standard interface 
• Reduced complexity of the man-machine interface 
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• Subsystem interfaces defined to aid in system management and to per-
mit independent improvement of anyone subsystem without impacting 
other sUbsystems. 
• Incorporation of multiple functions into one equipment to reduce 
weight and the number of equipment types 
• Best performance attainable through maximum use of latest proven 
technology 
In addition to the characteristics listed above the basic need exists to 
reduce weight, power, volume, and cost for all avionics equipment. 
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The requirement for safety in manned flight operations dictates the need for 
redundancy in vehicle subsystem designs and the need for intact abort, much 
as is the case for commerical and military aircraft. Onboard checkout, 
fault isolation, and warning of an abort situation must therefore be provided. 
In addition, the need for decreased maintenance time on the ground, i,. e. , 
rapid turnaround, establishes the need for onboard checkout and fault 
isolation capability for maintenance purposes. With such capability on 
board the vehicle, near-autonomous operation becomes an attractive possibility. 
Launch operations and mission oper~tions have in the past required the services 
of many hundreds of skilled personnel and the use of extensive ground 
facilities. The use of an onboard data management subsystem for operations 
support is a significant step to achieving the goals of reduced cost and 
increased efficiency. 
The extent to which equipment and functions are to be integrated will be 
determined on the basis of technical feasibility, reliability, maintain-
ability, flexibility, subsystem autonomy, and the ability ~o manage inter-
leaved subsystem interfaces and contractor relationships. As discussed in 
section 4.2, this study was constrained to consideration of a nonredundant 
configuration of subsystems and to technical problems. The following 
paragraphs describe the functional requirements of a set of orbiter avionics 
equipment to be integrated and the methods used to determine these 
requirements. 
4.5.1 . Development of Data Requirem~nts 
The logistics resupply mission was selected as t~ical and was divided into 
the following phases: 
4-7 
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• Prelaunch 
• Launch and ascent 
• Orbit insertion 
• Rendezvous 
• Docking 
• Orbit stay 
• Retrograde and deorbit 
• Reentry 
• Subsonic approach 
• Landing 
LMS9-A959837 
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Nine vehicle subsystems were identified, and all equipment was allocated to 
one of the nine sUbsystems. These subsystems were: 
1.0 Structure/mechanical 
2.0 Propulsion 
3.0 Electrical power 
4.0 Environmental control 
5·0 Guidance and Navigation 
6.0 Vehicle control 
7.0 Communications 
8.0 Control/display 
9.0 Data management 
Subsystem functions were identified for each mission phase, alid the parameters 
essential to each function weie characterized as to their need for control, 
I 
computation, measurement, and display to perform that function. Figure 
4.5.1-1 illustrates, for the computer (6.1) of vehicle control subsystem (6.0), 
the method used to tabulate functions vs mission phase and parameters vs 
f'unctions. 
S~bsystem functional block diagrams were prepared at two levels of detail. 
A 'second level functional block diagram of part of the vehicle control 
I 
subsystem (the computer) is illustrated in Fig. 4.5.1-.2 . Major blocks of_ 
each subsystem may be identified in the interconnect diagram {Flg. 4.5.l:UY. 
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Each subsystem was functionally bloc.ked at least to the seQond level to 
provide a basis for identify-tng signal interfaces between major functional 
blocks within subsystems as well as between sUbsystems. Test-point access 
requirements for on~oard cbeckout aqd fault isolation and for abort warning 
were identified for each subsystem and for each major functional block. 
Test points and their signal characteristics were tabulated for each sub-
system, as shown in Table 4.5.1-1, (This table closely ~esembles a similar 
tabulation prepared for :~nterfaces of each subsystem.). 
The abort warning data requiremen~s were considered to be ipcluded in the 
tabulation of test :POi:tltS. The rationale for estimating the number of data 
points for abort warping is described in the following par~raphs. 
Abort warning is a s~fety-of-fligpt requirement to alert fhe crew to a single 
or probable combination of occurrences that compromise the ability of the 
system to perform the remaining mission segments within ~n accepta:ble factor 
of risk. The Spac~ Shuttle requirements can be estimated from airplane 
safety-of-flight dtl~ta. In advance of a detailed study of' tpe Space Shuttle 
requirements, thev~rameter listings employed for airplane crash investiga-
tions are selected as being the best source of require d data· 
Parameters monitored, with the user-vehicle indicated, a~e pummarized 
below. 
SAFETY OF FLIGHT RECORDED DATA 
Vehicle Number of P~~~eters 
C-l33 airpl~ne 
747 airpl~ne 
F-104G 
United King~om Air Force 
C-5A crasp recorder 
Average 
4--13 
185 
98 
153 
48 
67 
110 
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On the basis of this preliminary examination, it is estimated that 150 
parameters will suffice for support of the primary decision process referred 
to as abort warning. 
Application of the crash data pOSition indicator recording (CDPIR) subsystem 
to the C-5A airplane was enhanced by a MADAR data interface. This feature 
permits,by software routine, any data present in the malfunction detection 
subsystem to be recorded in the flight recorder of the CDPIR. 
In the Space Shuttle data management subsystems considered, the entire 
accessed data base is available to support the abort warning decision process 
as required. A compilation of functions vs mission phases and parameters, 
functional block diagrams, interface tabulations, and test point tabulations 
for all subsystems constitutes LMSC document A959907 . This compilation of 
working papers was used as the basis for estimating the requirements that 
are summarized in the remainder of Section 4.5. 
I 
Fig. 4.5.1- 3 depicts the location of avionics equipment in a ~:Vo-Stage 
orbiter vehicle. This figure was used to determine cable lengths and weights 
and also to analyze the geographical distribution of data points and data 
rates throughout the vehicle. The orbiter avionics signal" interconnect 
diagram (Fig. 4.5.1-4) illustrates the major functional blocks and the 
number of signal line interfaces between blocks. 
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4.5.2 Summary of Data Requirements 
A review of the working level documentation (function lists/test point lists/ 
interface lists/block diagrams) was completed to define system data require-
ments. The following guidelines were used to correlate the inputs: 
• Power distribution /control function is assumed common to each 
alternative and 1s therefore not included. 
• Data point lines are assigned to their source. 
• Worst case is to be citedQ 
The last guideline provides a butfer to allow for missed points in subsystem 
definition and the subsequent compilation. The system and subsystem signals 
are described with respect to (wrt) quantity and sampling frequency distri-
bution on Fig. 4.5.2-1. System average sample rates are 3.2 samples/sec 
(sps) for test points and 7.0 sps for interfaces/in:trafaces. These values 
are based on a minimum sample rate of one sps and a maximum of 50 sps • 
Subsystem sample rates were not computed but are relatively low (most signals 
are 10 sps or less); exceptions are c0tf:IDlunications (audio, etc.) and veb1c)~ 
control parameters, subsystems 5.0 afid 6.0 .. (update rate for these parameters 
has 'been established at 50 sps, a conservative, worst-case estimate). Pro-
Jecti.ons of system data rates are includ$i under the discussions of each 
alternative • 
Significant trends in signal classification are, first, that virtually all 
interfaces and intrafaces are test points. Only 20 points out of more than 
800 were not designated as test points; hence, it has been assumed that all 
would be tested. Second, the parameters to be displayed are, without except-
ion, test pOints. Third, 30 to 40 percent of the listings are discrete 
signals. This will appreciably influence the signal bandwidth needed for 
interface control. As an example, the system test point count is 1189 
analog signals and 622 discr1etes (18ll total). Packing the discrete l;1gnals 
(10 discretes/analog signal) effectively reduces the test point count to 
3252 (1189 p1us'622/10),' which J'equiresonly 0.69 times the original bandwidth. 
Some improvemen:~; in error rates and/or power will be re~.lized by this 
reduction. 
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Data distribution is presented in Table 4.5.2-1. The total (2820) represents 
the number of signal conductors that would be required in a conventional 
system. It is noted that interconnections between subsystems are minimal; 
each has maintained a high degree of autonomy, with the control/display and 
test functions providing commonality. 
The signal flow is presented pictorially in Fig. 4.5.2-2. This diagram 
describes the signal class wrt function. The subsyste~ interfaces are shown 
only at the point of origin for simplification, except for the control/ 
display and data management subsystems (major common area). The classifications 
are self-explanatory (as noted earlier, all signal accesses are test points). 
The "hard-wired control" acknowledges that some level of manual co1Illt8nd 
capability will be required in a final design. This capability will be 
common to all lES alternatives. Parameters were selected wrt crew safety, 
e.g., emergency oxygen supply, emergency power, etc. Dedicated displays are 
parameters that are continuously displayed and are based upon "human engineer-
ing" concepts. 
These data requirements have been. established as reference values for each 
of the IES alternatives (levels of integration). 
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TABLE 4.,.2-1 
SUBSYSTEM SIGNAL INTERCONNECTION MATRIX 
SUB ... 
SYSTEM 1 2 3 4 5 6 7 8 9 
1 48 
2 0 289 
3 0 0 86 
4 0 0 0 0 
5 47 81 0 0 23 
6 46 58 0 0 13 51 
7 0 0 0 0 0 0 31 
8 19 37 15 29 6 16 43 66 
9 320 626 Zll 83 188 231 78 24 55 (68)(1) (281) (44) (15) (23) (58) (20) 
Totals 480 1091 312 112 230 298 152 90 55 
NOTE: Common parameters for display 
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Totals 
48 
289 
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Fig. 4.5.2 .. 1 IES Sampling Spectrum (Sheet 1 of 5) 
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Fig. 4.5.2-1 IES Sampling Spectrum (Sheet 2 of 5) 
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TvTO primary considerations affect the onboard avionics subsystem under the re-
~uirement for vehicle autonomy: (1) implementation of the present functions 
of launch control and (2) satisfying the essential requirements of mission 
control. The impact of these requirements is strongly dependent upon stored 
data required, access rates, and methods of implementation. This section dis-
cusses the tentative stored data requirements. Access and implementation are 
addressed in the discussion of alternative configurations. 
Operational support data are required in two basic formats: 
• Visual data for cre", 
• Machine data for processor 
The content and magnitude of each is discussed belmv. 
4.5.3.1 Visual Data. Graphic data are expected to be required in support of 
the crei'T for displaying options available at key decj.sion points. A com.pila-
tion of anticipated decision points i.ras made from preliminary Space Shuttle 
ti1:le lines and from Apollo/Saturn data. An esti:-~1ated 1936 points "Tere identi-
fied. 
A silnilar ir.J.yestigation "Tas made to estilnate the technical order pages required 
in support of ma.nual troubleshooting. An estimated 3428 pages of data "rere 
identified. 
On the basis of these studies a 5000-page module '\-Tas postulated as a standard 
requirement. Modules are assumed to be available as a library with manual se-
lection. I,,1odules identified are: 
• Standard mission 
c Contingency'fault isolation 
~ Special mission/payload 
Q Ground checkout 
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4.5.3.2 1-1achine Data. A Space Shuttle processor can perform many of the 
various tasks of checlwut, fault isolation, abort 'tvarning, and mission support 
by using the software involved in a GENERAL LOGIC ROUTINE program. The detec-
tion of a malfunction is conceptually identical to detecting an ABORT SITUA-
TION, a NEAR ABORT SITUATION, a PROCEDURE FAULT, or a PROCEDURE REQUIRED. All 
these different titles for identical operations 101ill hereaftE~r be referred to 
as LOGIC ROUTINES. ~le software used in th~ Space Shuttle can be similar in 
concept to the proven soft1'Tare used on the C-5A for malfunction detection and 
mission support logic decisions, supported by Built-In Test Equipment (BITE) 
at the black-box level. The basic philosophy that makes possible the combin-
ation of unrelated tasy~ in one software package is: 
• Create a computer program that will execute a "flm·r chart" of tests 
and output the results of these tests. 
• Implement these tests in "fImv chart" engineering language, and store 
the flow charts in memory. 
• AIIO'tv only a small number of different types of "fIm·r chart syr.1bols." 
On the basis of this concept, the software need only perform. a limited nur,lber 
of types of tests. 
The tests and the logic connecting the tests are stored in the computation 
center as data. Since the tests are created by engineers, there is no need 
for a translation into COl71.puter language by a programrner. This has allmled 
tests to be changed on the C-5A routinely in 24 hours. 
r ~" 4.5.3.3 Data Assignment. The follm-Tin[; nor:·::::.1ize(1 incre::lents, ~,ihich 2.re 
lx::.se<1 UllOl1 C-5A soE G":rare e::~pe:i."ience) C'_re used for sizinG the req,uirements for 
identified events (LRs). A 2000-point base 'vas examined to justify the nor-
11lalized conclusion. 
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Symbols 5000 
LR starts 1000 
Requests 1750 
Misc 200 
Total 7950 
2.5/rn 
.5/ill 
• 875/test 
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point 
On the basis of this evaluation, a general sizing equation is 
Data = 200 + 3 (number of LRs) + .875 (number of test points) vTords 
This relation is suitable for words of 24 bits or longer "There half-word 
capability exists in the computer. 
4.5.3.4 Computer Speed. This program will execute tests on 2000 ills in .05 
second ivhen prc)grarnmed on a computer with a III s add time. The execution time 
is directly proportional to the roxmber of LRs at 251ls per logic routine. 
The above rationale is e.pplied to identified lo.:;ic routines to clevelo:!! t~:r~ 
In ~-_~l..c1.:I:'ciQn to the reCluire,'~lent al)OVe, 'I"hieh is dependent on the nur:ibers of 
discrete logic routine applications identified, the follmring basic budget is 
established for the general-purpose computer. 
BASIC ROUTINE PROGRAM REQUIREI,lENTS 
(32-Bit '-lords, One-Half vlord Capability) 
Basic Routlnes No. 32-Bit Words 
Frequency conversion 
Synchro conversion 
Self-check 
Executive program 
Tir.J.e 
InpUt select 
Initialization 
Absolute value 
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Square root 
Polynomial 
Bas ic! Routines 
Binary-to-BCD conversion 
BCD-to-binary conversion 
Output message 
Trend routines 
Subsystem logic routines 
*Use requires four memory i-TOrds per parameter 
No. 
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32-Bi t "lords 
20 
20 
15 
15 
800 
600* 
zyoo 
5050 words basic 
Autor:lC"ltic checlwut/fault isolation requires logic routines for the 2000 signals 
processed, calculated at 200 + 3 (2000) + 0.815 (2000) = 1950 words. 
Prelaunch Operation Support. 
The following example is included for information; other segments are 
sU!:unarized. 
In the absence of verified countdmrn and operational sequence data for the 
Space Shuttle, the Apollo/Saturn is used as a model from which the Shuttle 
requirei.uent is extrapolated. In general, the development nature of the Apollo 
iPlposes more stringent requirer.'lents than those expected for the Shuttle. 
Reviei'T of Apollo/Saturn V s/v CountdmTn Document KV-OJ13-2, V-40300-501 gives 
the follmTing: 
Check Points 
521 
Decision Points 
34 
Action Points 
356 
T,There a check point is a request for observation/correlation, a decision point 
requires a hlllnan evaluation, and .an action point requires a physical response 
fro:n a human. 
The period represented is ti'TO days and three hours of Saturn/Apollo time and 
is considered representatiYe of the level of performance expected fror:l the 
Cre11. These data, translated into a 3.5' hoUr (210 minute) launch interval, 
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34 + 356 = 1.9 actions/minute ;I~ . 
Under a tWO-h:: launch requirement, 3.25 actions/minute are potentially re- ,J ·;1 
l~ 
quired. Actual response mayor may not be required. In most cases it is ['] :i 
assumed that check points and action points are pre programmed man/machine in- l it 
~ __ """""A~_,,~ _____ · __ --r-'-P'-" 
terraces. 
Check point is presentation of information ,,,here the crew mayor may not elect 
to tal~e action. Action point is presentation of information to the crevT vThere 
'. an action is expected of the crew before further automated action. Decision 
point is presentation of information to the crew "There alternatives exist, 
such as preplanned hold periods. Failure of the crew to exercise any option 
results in selection of a preplanned action where total automation is imple-
mented. 
The total man/machine interface points are 917. It is assumed that 10 com-
pletely automated logic rout5nes are performed for each manual interface. 
total computational burden is 
917 semiautomatic + 9170 automatic = 10,087 routines 
Hem.ory requirements are: 
200 + 3 (10,087) + .875 U~OOO) = 32,011 '\-Tords 
The 
4.5.3.5 !.1ission control. In keeping 'Ylith present terminology, mission control 
applies to that portion of the mission after liftoff. 
Ascent Operations Support. Hemory requirements are 2956 words for an esthno.ted 
1000 test points. 
Orbit Operations Support. The variety and duration of activities expected 
during orbit vary widely. For the normal logistic mission, it is difficult 
to i:'Jagine a '",ork load requiring ,",ork rates more severe than 26 points per 
hour. For a 7-day mission, meuory requirements are 79,262 words. 
'. i 
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Ent~ Operations SUEPort.. Crew ~~or 
; 6157 words. ~ 
entry are estimated to require 
.,.---/ 
[: Rende·zvous ~~ SUPl1ort. This requirement is assumed to be equivalent 
to that;~~or entry operations and is budgeted at 6157 words • 
....... 
".,..~ 
.~t-------~:':oS;PheriCLLandi~ o;pera tions SU1'l::ort. The entry-of -atmosphere to landing 
f ... completed time varies bet"leen 0.7 hour and 1.4 . hours,· the memory required 1s 
[ 7909 "lOrds. 
II tJ 
11 Ii 
I 
I 
I 
I 
Abort 1<larning Mission Support. Approximately 150 test signals are required as 
a data base for safety of flight/abort condition warning. 
The number of logical reasons for abort is expected to be relatively limited, 
",i th the mission phase in ifhich the undesired event occurs havin~ a major in-
fluence; for example, loss of one level of redundancy during ascent could be 
tolerated where that same loss on the pad COUld. spell abort. 
An estimated level of abort conditions at anyone time in the mission is as-
sumed to be 100, and an arbitrary six mission segments (configura.t:tons) 1s 
postulated for 600 logic routines. 
The memory requirement is 2132 "Hords. 
Budget Summary 
Item - Computer Support 
Basic routines 
Checkout/fa,u.lt j.sola:tion 
?rel:::.unch 
Ascent 
Or-oi t 
£lendezvous 
Entry 
Approach and landing 
Abort warning 
*Required for all operational phases 
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Item-Display support 
Fault isolation 
Operation support 
* 
Visual Frames 
5000 
5000 
Covers the entire missionJprelaunch to rollout 
LMSC/A959837 
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Data 
50K half "Tords 
* 50K half vTOrds 
The previous data present a moderately pessimistic assessment of th..; data re-
quirements for mission support. 
4.5.4 Subsystem Computation Requirements 
Estimated computation requirements for vehicle subsystems other than data man-
agement and control/display are presented in this section. 
!~.5.4.1 Guidance, Navigation, and Vehicle Control. The estimated word sto-
rage requirements and percent use by mission phases are listed ,in Table 4.5.4-1. 
The average number of instructions per second for each mission phase are listed 
in Table 4.5.4-2. The estimated computation requirements support the opera-
tional modes and subsystem configurations summarized belm·T. 
Prelaunch 
• T2.rgeting 
Align and calibrate nmand initialize transfori'iation matrix 
Generate ascent trajectory and guidance constants 
Generate abort decision criteria and alternate flight plans 
Generate manual display parameters 
Load and verify nussion target constants 
Load and verify abort constants and i·tind data 
Ascent 
• Atmospheric mode 
Load relief guidance/navigation (IHU, rate gyro pkg., ,flight control 
system) 
• Exoatmospheric mode 
Explici t guidance/navigation (IIID, flight control' system) 
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• Unpowered coast mode 
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Navigation/guidance (IMU, horizon sensor, star sensor, radar altimeter 
flight control system) 
• Pmrered orbit injection mode 
Explicit guidance/navigation (II,'lU, flight control system) 
Gn·-orbit 
"-
• Phasing mode 
Navigation/guidance (lMU, horizon sensor, star sensor, radar altimeter, 
flight control system) 
• PmTered transfer orbit injection 
Explicit guidance/navigation (I~ru, flight control system) 
Rendezvous 
• Terminal mode 
Navigation/guidance (IMU, rendezvous radar, flight control system) 
• Docking mode 
GUidance/control (n,ru, rendezvous radar, flight control system, 
relative attitude sensor) 
Orbit stay 
(Attached to space station - no operation) 
netrOGl"'c.a.e anc~ Deorbi t 
• ?reretrograde mode 
Tar~etin.::, alignment, calibration (all GN&C systems) 
• Retrograde mode 
Explicit gujdance/navigation (IMU, flight control system) 
• Deorbit transfer mode 
Navigation/guidance (IMU, horizon sensor, star sensor, radar altimeter, 
flight control system) 
Reen~!Z 
• Exp~icit guidance/navigation (IMU, temperature sensors, flight controls, 
rate gyro packages) 
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Guidance/navigation (n.ru update '¥Tith ground navaids; DME, VOR, TACAN, 
LORAN, rate gyro package, flight control system, air data computer) 
• Landing mode 
GUidance/control (Automatic GCA involves ground trackirg, ground computer 
data processing, data linlc to aircraft, tie in to flight control system.) 
Alternative: modify concept to receive radar data and process on board 
\vithin the GN&C system) 
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COMPUTER REQUIREMENTS l,l"'OR GN&C FUNCTIONS AS A FUNCTION OF MJ,SSION PHASES 
Mission Phase % Utilization * Storage 
(words) 
Prelaunch 
Mission planning 7800 20(2) 
Strapdown algorithm 750 15(·6 
Ascent (atmospheric) 
Navigation 430 0.3 
Guidance 1000 5·0 
Attitude control 5260 30.5 
Strapdown 750 15.6 
Ascent (exoatmospheric) 
Navigation 430 0.3 
Guidance 3000 7·0 
Attitude control 5260 30·5 Strapdown 750 1.5.6 
Parking orbit and transfer 
Navigation 5400 13·9 Guidance 600 0·5 
Attitude control 750 7·9 Iussion planning 3000 (all available time) 
Strapdown 750 15.6 
Terminal rendezvous 
Navigation 430 0.3 
Guidance 3000 7.5 
Attitude control 730 7~9 
Strapdmm 750 15.6 
Retro/deorbit initialization 
** Mis~ion planning 6000 20 
Strapdown algorit~~ 750 ,. 15.6 
Reentry/landing 
Guidance/navigation 1200 4.0 
Attitude control 5260 30·5 
Strapdown 750 15.6 
* * Based on IBM 4 'IT EP with flea ting point arithmetic 
This represents alignment function only. 
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AVERAGE NUMBER OF'! INSTRUCTIONS PER SECOND BY PHASES 
Prelaunch 
Atmospheric ascent 
Ascent (exoatmospheric) 
Parking orbit and transfer 
Terminal rendezvous 
Retro/deorbit initialization 
Reentry/landing 
50,120 
72,400 
75,200 
53,340 
44,120 
50,120 
70,530 
4.5.4.2 other Subsystems. Mode control and event scheduling of each subsys-
tem can only be accurately analyzed from a detailed understanding of the phase-
by-phase fUnctions. Houever, it is possible to obtain an approximate estimate 
of the computer loading required for this task by initially estimating the 
nmuber of active control points and active data points in ,each subsystem. 
Active data aredefined as information that is required to be sensed before 
making a decision to execute a conunand. The monitoring of these active data 
points can be treated similarly to the onboard checkout procedure for malfUnc-
tion detection and abort ,·rarning. However, in this case, the subsystem test 
routine cuL~nates with a co~nand execution procedure. 
From a knowledge of the malfunction detection routines, it can be estimated 
t~~t an average of 10 computed instructions per tes~ point are required for 
completing a subsystem checkout proce\.'~l.Te. This can be increased by 30 percent 
to allovT for command execution instructions. Thus, an allocation of 13 instruc-
tions per active data point can be made. Furthermore, an average iteration 
rate per test point can be estimated from the average rate of transferring 
interface data (shmm in Fig" 4.8-4 as 7.1 HZ). A worst-ca.se estimate of 3 to 
4 times this figure wascons:Ldered adequate to take care of all control problems 
within this general category. Thus, 25 Hz was selected-as the iteration rate 
which results :1.n 325 instructions/sec per test point. 
The total computer loading per phase for this task is determined by multiply-
ing this figure by the estimated number of active data points required per 
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phase. Table 4.5.4.2-1 gives the complete loading for this task over all 
mission phases. A memory requirement of 16K words was estimated also by as-
suming a similar requirement as the onboard checkout system. 
Table 4.5.4.2-1 
COMPUTER LOADING FOR SUBSYSTEM CONTROL AND EVENT SCHEDULING 
Computer 
loading 
(thousands 
of 
instructions/ 
sec) 
Mission Phase 
Pre- As- Or- Rendez- Dock- Orbit Retro Re- Sub- Landi 
Launch cent bit vous ing stay entry sonic ng 
103 87 90 33 78 73 75 
4.5.5 Controls/Displays 
4.5.5.1 General Description. For purposes of this study, the crew station 
controls and displays were assumed invariant for all three levels of avionics 
system integration. This ,vas done because the degree of integration at the 
control panel may be considered independent of the level of integration of 
the bulk of the avicnics subsystem and therefore 1·rould not be a. contributing 
fc,ctor to the najor purpose of the study. In addition, the nature of the 
programmable display system being considered for the Space Shuttle , with its 
associated multiformat techniques of information presentation, requires a 
firmer definition of operational requirements. The following paragraphs des-
cribe a preliminar'lJ Control/Display configuration • 
• 
IThe approach used to impleme.nt Control/Display requirements with candidate 
hard,·rare included the grouping of requirements by mission phases. Analysis of 
requirements thus grouped showed that the programmable display techniques 
would handle the display requirements if properly formatted with ,,,ell-designed 
symbology on the CRT or projection devices. However, the need to delineate 
requirements for dedicated controls and diSpl.B.ys also exists. The landing 
phase contains the bulk of dedicated requirements for jet powered flight. Two 
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electronic attitude director tndicators (EADI), one each for pilot and copilot, 
"Tere chosen to display multi.ple instrument landing approach parameters. They 
are used to display vehicle attitude on all other mission phases. In conjunc-
tj.on ,d th t"TO prograrrunable CRT or projection displays (one each for pilot and 
copilot) all landing phase information may be presented to the crew. The de-
gree to vThich the CR'Il or projection and EADI need further dedicated display 
auementation is being studied. 
~lree-axis hana controllers enable vehicle attitude control through the reac-
tion control system \vhile the vehicle is outside the' atmosphere and throuC;h 
control of aerodynamic surfaces during the landinc; :Dhase. Consideration is 
being ,given to locating these controllers so that the cremnan can operate his 
controller ,·rith either hand. Additional landinB phase dedicated controls st'.ch 
as turbojet throttles 'viII be located to perr.-:.i tone -ynan operation durinG this 
phase. 
T~le keyboard devices for r~Jdng control inputs to the proerarnlmble displays 
.and computer s,\-Tj.tching are located adjacent to the hand controllers at each 
Cre1ffl1.an t s right. A static programmable navigation and cOI!ll11UIlications clis]!le.y 
controlled by keyboard input "Till be located in the center island bet1'Teen the 
cremilen. 
A proposed solution to the requirements of addi tione.l cledicatecl disple.ys ~.i::.S 
t l ,·- l"nr""l"'-{n'" c'" ~ "';"'~~on --'1"'<..:r> ..... r'ie··-·'-'-·-' ,-,.:-r;t roY' ---"'o·)"ec..l..&:>"l r'ic··)l~·- '{)i>""..l..,",,~ ;, ... _~ 10-"_', ~~._J..L .J.L (.1" ! !._~.:JJ .. --1.)1 ,.'.~ .... '-:;-\.J. -'- -J,i 1.. •• :.. •• L "'"'-\.. _1_ .J:.)';' c. ... v_\.. .. "" .. "".:.. '-;:'. ___ , ... v~\.I .... - .. .:. 
·t: '2 r~~:,[,',rec'. pe.nel are~!' bet~·~een t!.~e cre-:;·i:::el1. The ]~eybo<~,r'q,' for this device ;'iould 
be CO:';ll)atible ,\-Ti th that of the other CRTs or projected displays and. serve as ~ 
redundant c.ontroller to both cre,vmen. In addition to nission phase and se-
quencing information, this third CRT or projection dtsplay may have a dedica.ted 
field for the critical caution and warning functions. The requirement for ad-
ditional dedicated displays is under investigation. 
4.5.5.2 Programmable Display Description. The programmable displays repre-
sent a major portion of the control/display hard,\·rare, and as such require con-
siderable attention. This display technique deviates sharply from past desisns 
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by taking advantage of several "human factors" observations. First, a crevTr:l8.n 
cannot focus his attention in r;lany places at one time; rather, he nrust concen-
trate on a slnall number of areas, or better still, one area. Secondly, disN 
play needs vary with time and mission phase, and therefore need not be static. 
Third, the use of many displays occupies a large surface area i-11 thin the rather 
tight confines of a cre", compartment. For tr.p.se reasons a programmable display 
configuration has been evolved that will overcome these difficulties and pro-
vide a legible portrayal of current data status under all conditions. Des-
cribed herein is a yTQrlcable, programmable display configuratioh that has been 
adapted to the three different levels of integration. The parameters to be 
displayed 1·1ill be acquired by the data management subsystem and transferrec3. O:l 
:::'equest to the C/D subsystem. 
The concept of prograr:rrnable displays encO!~asses all those parameters tbat can 
be presented in alphanumeric forr.l. The concept relies on the fact that the 
neerl for particular parameters to be displayed is not continuous and can be 
programmed, to a large extent, "Tell in advance of a .flight. Displays ce.n be 
lJrogramrled to be initiated by time, a single event, or a sequence of events. 
Override features are built in to allow ruanual call-up of display parar::etern 
by the cr€'~'1 and autoI!lD.tic display of abort i·mrning informati.on by the data 
::.anagement subsystem. 
After study of likely crei·;r compartment configurations and investigati'ons or 
nir:i.ilar co;.npartments in other vehicles , it i'TaS deterr:-d.ned that three dis~lu.;;.r 
dev'ices are required. These ;-Till be positioned one in front of each cre~'r r.1era-
oer and one in the: "shared" area between the!:l. In this fashion, each cre"i :nan 
iTil1 have to programmable displays available ",i thin his $cope of vision at all 
ti:':1es. idi th about 50 parameters !r"a.ximum to be displayed on each device, this 
vill r;l.8.ke 100 paraneter values available to eachcrm·;r ~er:1ber. 
, 
The display device itself has been chosen as a cathode ray tube, "lith color 
capability a des'ira.ble feature. This device is more reliable, has better ' 
definition, is brighter, and has more versatility than other apparatus. The 
;',ID.jor drav1back to CRT devices is the need to refresh at ~ates of 40 or l:10re 
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It may be possible to use storage tubes or specially selected phosphors to 
,simplify system design, but definition of the exact hardware complement must 
a1reit further definition of requirements. 
The display system is made up of several major devices whose characteristics 
are defined belmT: 
Keyboard Input. This selectipn device enables the crew to pick the appropriate 
display format. It will allmr for at least several hundred and as many as a 
thousand different formats loJ'hile retaining a very simple, easy-to-use selec-
tion keyboard in conjunction 'Vd th a keyboard "program." Verification of the 
selected formats will be displayed to the crew by displays that are inherent 
in the selection device. 
Data rates or:tginating in the keyboard are very low; however, the keyboard 
must be scanned at least several times a second for a change of request. A 
decode function must be performed (in the keyboard display control) to deter-
mine which of the formats has been selected, and a verification signal 1,,111 
be generated to return to the displays associated with the·keyboard. 
Display Parameter Selector. Receives. a selection corrunand from either the key-
boa.~d input device or from the associated display control processor. This 
co~~nd will enable. the selector to select appropriate parameters through the 
data management interface. The selector tmlst interface with the keyboard dis-
play control unit in order to receive crew-initiated requests in 'the form of 
a digital 'fJrord. This feature provides the "manua.l override" of the automatic 
display system. It will either be necessary for the selector to scan the in-
r 
put lines repeatedly in order to recognize input changes, o'r an interrupt. 
feature must be provided to allow a new keyboard message to inform the selec-
tor of its presence. The selector must first establish contact through the . 
interface then transmit a; series of addresses for the selected parameters to 
the data management subsystem. Data. management in return will send the cur-
re:''lt o.iGi tal value c:E' ec:.ch of the selected paraneters. In order to r:iaintain 
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an updated display, the current values must be retransmitted about once per 
second. A memory function must be incorporated in both the display and data 
management subsystem in order to remember the parameter list and its correct 
order. If a ma"Cimum of' 50 parameters is assumed to be displayed on each dis-
play at anyone tit1.e, and there is a maximum of 500 parameters from which to 
select the display, the addresses required to select the series of parameters 
tray require about 450 bits to be transmitted to data management per display. 
The digital value train 1-Till req,uire approximately the .same n1l.ll'iber of bits 
(J.~50), to be transmitted to each display subsystem. For a crei'; station in-
corporating three .. programrnable displays, the data flmT between the data man-
agement subsystem and the displays '-1ill be about 1350 bits per second. 
For offline maintenance, the number of pararleters selectable for display :;1.:.~y 
eq,ual the nUl~iber of test points (2090) requiring about 600 bits per displa:y 
and, possibly, a different bit rate. 
The display parameter selector must refer to its associated raemory to cl.eter-
L:l.ine the pare~meter list described above. A mel:10T"J to house up to 1000 pare.-
Leter lis ts, all dii' ferent, can req,uire as r.ru.ch as 600, 000 bits or stora~e. 
But this can be divided bet,·reen a large slOV1-access men:oT"J and a s~':Jall ra:pid-
access memory. Additionally, by careful cod:l.ng, the total storage require1:lent 
can be reduced. 
Display Control Processor. Performs the most cor:1plex functions of' the pro-
c;re.l-;I.eble displays. These functions include i'ornatting of the displayed :::a.-
" 
terial and origination of display req,uestsbased upon passage of ti:~le or oc-
currence of certain events. By reference to its associated memcI7, th~ pro-
CeGsor !:lust determine a screen location for eveT"'J part of the display, perfor.:: 
the addition 0:[' title blocks and format lines e.s required, and underline 01" 
e~lPhasize displays by 1)rightness change or size change as required. r·lemory-
requirenents for this function' will be at least equal to the. selector:her::.ory 
and can also be hybrid -- a cDrabination of slmrand rapid access l:ler.lories. 
The r:1ajor task for the processor is the generation of alphanu;~eric codes to 
suppleUlent the parameter lists of the selector. Each time a ne~'T disJ?la.y i~ 
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ini tiuterl, 1? coded form of the display must be Genera.ted by reference to code 
tass (1ssociated '-lith each pa.rameter. If 5 bits per character, 20 charac'ters 
per parameter, and 2000 total parameters are assumed, it can be seen that up 
to 200,000 bits of storage "Till be required for tIE code tags. It JIJ81' ~ - . 
possible to, redticethis number substantially because of redundancy in the tags; 
for example: 
PRESSURE, PSI, #1 TANK, XXX 
PRESSURE, PSI, #2 TANK, XXX 
Before this stored information can be displayed, it is necessary to transform 
all character codes into a pattern of "on" and "off" lines or dots in the form 
of alphanumeric characters. Depending upon·the scheme selected, up to 50 bits 
;~y be required to adequately define each character. It is in this fully de-
fined form that tbe display must be. presented to the refresh memory (or the 
display device if no refresh is required). 
Display Raster Generator. This device, which includes a character generator 
and a graphics generator, accepts the alphanurneric and other inputs frOl~ the 
processor and converts trem to a form sui table for the ref!'esh memory; that 
is, all displays rmlst be sequenced (if a TV raster display is used) or other-
vTise organized to be sui table for input to the deflection and brightness modu-
lation circuits. Character, symbol, and line code.s must be converted to 
elemental form prior to loading the refresh memory. 
Display Refresh Memory. Stores the complete display picture. It will probably 
Qe a rotating device with about 250,000 bits of storage for each complete dis-
play. In order to provide a flickerless display on a typical cathode ray tube, 
~ .. refresh rate of about 40 cycles per second must be used. A tradeoff study 
must 'be performed prior to design in order to determine whether a storage tube 
can be used in place of a standard cathode ray tube, with the attendant reduc-
tion in complexity by deletion of the refresh memory. The study must include 
such parameters as resolution, brightness, required refresh rate (if any), re-
liability, etc. 
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other features of the programmable display system include the following: 
Builtin Test Routines. During countdown, or at any other time when the opera-
tion of the display equipment is questioned, a builtin test routine can gen-
erate a series of patterns to distinguish certain types of malfunction. It 
lnay also be possible to include some diagnostic capability_ 
Recoenition of Events or Ti~e. The basis of the automatic operation of the 
displays is the recognition of events or times and the programming of displays 
associated vTith them. The purpose of this configuration is to provide dis-
played information as it is required throughout a rnission and to relieve the 
crei'T of the necessity to originate display requests. 
Priori ty Interrupt. This feature is provided in the data management subsystem. 
It allmTs warning and abort information and other notification of malfUnction 
to be presented immediately upon occurrence. 
I,Yanual Override. Provided by the use of the keyboard input in certain rilodes 
of operation. It can be designed as a partial override; that is, part of the 
programmed display can be retained while a portion is :~nually selected. The 
specially designed keyboard provides excellent flexibility and. verification to 
the operator when a selection is made. 
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The first of three progressively more integrated electronic system designs 
is presented as a baseline. 
4.6.1 Introduction 
Contemporary electronics systems are predominantiy federated designs. 
Evaluatj.on of the benefits to be derived from integration is desirable 
against the absolute scale of cl1rrent practice. The federated design 
presented as Alternative 1 is employed as the baseline against which more 
integrated solutions are measured. 
Alternative 1 is configured against the same vehicle (orbiter element only) 
as are the other alternatives. The essential functional requirements of 
this vehicle system are defined in. section 4.5. Integration in P~ternative 
1 is limited to two subsystem areas: 
• Crew Systems - 8.0 
• Data Management - 9.0 
The rationale behind this decision and the pertinent boundary constraints 
are provided for use in subsequent evaluation. 
4.6.2 Crew System.s - 8.0 
A common man-machine interface is postulated as a result of technical 
coordination during the study. This decision removes configurations of 
control display' from the list of variables dependent upon levels of 
integration employed. 
Meeting the conceptually desirable man-machine interface with a single 
j 
design actually imposes hardwa.re interface constraints on federated systems, 
as discussed under options. 
'lTfle programmable disp],ay element of control di splay is describedin section 
4.5. The interf'ace between displays and the {lata. management subsystem is 
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discussed in the following paragraphs. 
4.6.3 Data Management - 9.0 
U4SC-A959837 
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A data management subsystem 1.s employed as one of several federated sub-
systems required to satisfy the identified functional requirements. 
Specific functions included in the Alternative 1 Integrated Electronics 
System and implemented by the data management subsystem are: 
• Onboard checkout 
• Fault isolation 
• Abort warning 
• Operation support (embraces the terms of' conf'igura tion 
control for sequencing) 
Descriptions of each term are included for clarity. 
4.6.3.1 Onboard Checkout. Onboard checkout includes routine fully auto-
matic logical isolation of failures to the level of a box or unit that can 
be replaced on the vehicle to restore normal operation. The configuration 
defined assumes online testing (i.e., the unit .is evaluated during appropriate 
periods of normal operation) as the primary evaluation moQ,e • 
Offline tes;t requirements in critical areas are recognized to be desirable. 
This requirement 1s satisfied by informing the crew of step-by-step procedures 
for testing and evaluating critical functions through use of manual controls, 
which are available for backup. 
A permanent record of all failures is stored for machine recall along with 
manually entered flight log data to supply maintenance/administrative 
information. 
4.6.3.2 Fault Isolation. Detailed preprogrammed instructions are included 
onboard to permit the crew to evaluate any subsystem in detail and isolate 
faults to a level beyond the capability of a tully automatic program. 
Simplified, logically arranged data are presented at crew request from a 
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data bank stored in the interlocking control unit of Fig. 4.6-4. This 
technique permits a. minimally trained crewman to evaluate all subsystems 
under the control of original equipment/subsystem designers, without a 
requirement for standby personnel during missions. 
A fully automatic fault-isolation mode is provided in the onboard checkout 
concept, limited only to the electronic interface employed (i.e., 2046 
test point design). The logical output is the identity of the failed unit. 
4.6.3.3 Abort Warn~. Abort ';Mrning is the output of the subsystem, based 
on preprograrnmed logic, notifying the crew of the occurrence -of events that 
have been defined as potential reasons for termination of the mission or 
alteration of the mission through the programmed display interface. 
Sufficient data and instructions are presented with the detected condition 
of warning to permit the crew to independently evaluate the threet end take 
appr~priate action. This latter function is more appropriately considered 
a pert of operations support. 
4.6.3.4 Operation Support. This term is a catch-all for the essential 
elements of the realtime information and planning service presently rendered 
to the spacecraft crew by Cape Kennedy and Houston. Presentation of time-
line performance, limited configuration control, and automatic access and 
display of pertinent crew related instructions is included under this 
heading. 
4.6.3.5 Ccmponent Technology. A cammon basis of evaluation is maintained 
by estimating Alternative 1 physical parameters against 197~ technology 
(refer to Appendix B. 
4.6.3.6 Reliability Configuration. A single thread system design is 
evaluated, with the impa.ct of redundancy flagged for two examples in section 
4.11. 
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4.6.3.7 Dedicated. Control Display Functions. No impact is included in 
Alternative 1 for this factor, ~hich is common and invariant for the three 
alternatives examined. 
4.6.4 Requirements 
Alternative 1 is constrained to satisfy the requirements of the vehicle 
(section 4.5) but not ttle desired characteristics of ~n IES (section 4.4). 
The following essential requirements are normalized and. eliminated from 
consideration in each of the three alternatives: 
• Control display cre~ interface 
• Builtin test equipment 
• Component technology 
• Reliability configuration 
• Dedicated control display functions 
A description of the control display crew interfece is provided in section 
4.5 for the man-machine concept being supported by all alternatives. 
The integrated display portion of the cre~ systems: subsystem and its 
interface with the data management subsystem is dl.scussed under the base-
line qonfiguration. 
Builtin test. equipment (BITE) has been eV.aluated (refer in Appendix D) 
,Dnd the suggested implementation made in Alternative 1. 
In summary, BITE is employed within a separately stockable, line-replaceable 
unit to evaluate the health of elements that are not accessible through the 
I 
normal in-out Signal paths (internal power supplies, redundant voting logie, 
signal path integrity) • The results of this evaluation are available, 
through interrogation, to a c.ommon data management subsystem. 
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Total box performance within the subsystem/system is a logical evaluation 
performed by the common data management subsystem, with BITE information 
employed in the process. 
4.6.5 Options 
Many options exist for virtually any level of integration. Significant 
options considered for Alternative 1 are presented, with limited arguments 
for each. 
Most subsystem configurations are fixed by the groundrule of federated 
subsystems adopted for Alternative 1. 'Jihe subystems are identified as: 
1.0 Structure/mechanical 
2.0 Propulsion 
3·0 Electrical power 
4.:0 Environmental control/life support 
: 
5.0 Guidance/navigation 
6.0 Vehicle control 
7·0 Communicati ons 
The remaining two subsystems within the system are potentiully to be 
treated as an integrated composite, federated as the other subystems are, 
or to some intermediate design. Three options are presented for the combined 
concept of crew station and data management subsystems, within the context 
of Alternativ(~ 1. 
Both the data management and the programmable displays element of the crew 
station SharE! a common requirement for interfacing all subsystems. An 
interdependence exists between these subsystem elements in two ways: first, 
the data management subsystem, in common with other subystems requires the 
crew station man/machine interface; second, the crew station is supported in 
the functi ons of: 
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• Subsystem configuration 
• Presentation of mission rules 
• Presentation of contingency plans 
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These requirements are invariant, :within available op~~ions and must be met 
by each. 
4.6.5.1 pption A. Option A (Fig. 4.6-1) is a compl1etely federated concept 
'Hhere the data management subsystem is considered independent from the crew 
station except for those interfaces required to meet normal operation, i. e., 
control and display. 
Signal Acquisitio!!. In eonsonance 1vith the concept of federated autonomy, 
the 1811 signals required for programmed display and for test will result in 
• 494 signals for display 
• 1811 signals for test 
An examination of the constituency of the signal populations (Fig. 4.5.2-1) 
slH:)ws a lOa, percent overlap of data required in the two acquisition systems. 
R(~eognition of this duplication within the data population end its pro·~ 
lif,~erat;ion into piece~ parts, weight, and power required (for dtiplicete but 
separate signal condj"tioning, multiplexing, and conversion) makes the 
federa.ted approach w.1attractive, primarily because of the artificial penalt~i 
imposed on the progr:amrned display. Separation yf the data acquisition into 
two indepednent subsystems has the potential merit of providing a baclf:a.p 
mode in the event of failure-in either acquisition complex if proviSions are 
made to share common data between the subsystems. 
One of the study constraints is the requirement that each alternative be a 
, 
single-thread, nonredundant design. Constraining the crew system and data 
management subsystems to separate and duplicate acquisition of data under 
reliability considerations is eliminated under this consideration. 
// 
." 
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Signal conditioning is a generalized term and requires clarification for any 
particular application. In the context of integrated electronics, the 
signal conditioning considered at this pOint is probably more prope:ly 
referred to as normalization, to simplify the signal acquistion process. 
Circuitry required for a normalized input may be dedicated to each signal 
or shared by signals of similar characteristics. 
Shared signal conditioning can be used to give sn advantage in weight, volumel 
and power consumption. This technique is employed in operational systems. 
Three fa~tors l~ed to deletion of this concept for the baseline. First, 
a single-point failure mode is introduced by shared Signal conditioning 
(redundancy techniques can eliminate this problem). Second, 'unless high 
impedance isolation is provided within the unit being monitored, the prime 
operating signal exposure to negative environment influences is expanded 
over the signal path required to reach the shared signal conditioner. 
Third, if high impedance isolation is employed 1n the monitored unit, a 
significant amount of the signal conditioning is already dedicated. A 
variation is possible if the shared concept is applied at the monitored"box 
level to eliminate exposure of sensitive circuits. The case of a single 
Signal from a box is trivial, since the effect is that of dedicated 
circuitry. Consideration of the multisignal box is valid aLthough 
marginally useful, since the probability of multiple sig1lals of similar 
characteristics is not overly high. The primary difficulty in rationalizing 
this concept lies in the imposition of a submultiplex requirement within the 
monitored unit and a clock interface for synchronization. 
The above pOints lead to selection of dedicated normalizing Signal 
conditioning for this study. 
A isecond alternative exists in the decision regarding location of the 
dedicated circuitry. It is recommended that the normalization and necessary 
fault protection of the monitored circuit be provided within the rnonitored 
unit. A dual benefit accrues from this decision: maximum protection fran 
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environment is obtained ana. the original equipment designer can assure his 
design integrity in the presence of the interfaced data management sub-
system. 
Experience to date suggest. that advanced hybrid signal conditioning can be 
implemented for an average of approxim?tely 0.3 ounce and 300 milliwatts 
per signal. Hybrid technology is required for high ohmic resistors (megohm 
range), which are not ,·Tithin the limits of thin-film techniques. 
1~.6.5.3 Option C. Inclusion of local multiplexing and analog to digital 
conversion in the monitOred units is the distinguishing feature of ~)tion C 
(Fig. 1;..6-3). 
This concept is attractive, and integrated circuit technology can support 
i t. T~;o significant considerations are cause for its rej ection for the 
Alternative 1 baseline. First the circuit design considerations required 
for a digital interface in the traditionally enalog, federated subsystem 
approach (guidance/navigation and vehicle control excepted) creates a 
significant impact on the pOvler and weight of the subsystem elements of 
tqe baseline configuration. Eliminating thJs factor from the Alternative 1 
data management subsytem '\Yill then permit a more equitable evaluation of 
the increnental chenges in weight and power bet"leen Alternatives 1" 2, ::nd 
3. :Also, application of the d.igital interface to subsyster.'ls that consist of 
t:!sny small elements, such as valves and gages, wi 11 often create a "leight 
and pO\.;rer impact greater than the circuit (unit) being ;nonitored. 
4.6.5.4 Boseline Option. The option selected as an element of thE.~ Alter-
native 1 baseline is Opti onC. The essentiAl features of conventional sub-
system deSign concepts and minimizing the negativeimpe.ct of a common 
display are overriding considerations. 
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" The rationale support1,ng the need for a baseline cont:iguration in gene rat-
and the system concept selected was presented in seetian 4.6.5. All sub-
systems are the same for each alternative except the data management sub-
system. The Alternative 1 data management factors considered in the 
selected design are discussed in the following paragraphs. 
4.6.6.1 Design Factor~. The data base accessed by the date management 
subsystem consists of 1816 sj,&l1als, ,\-lith an average sampling requirement of 
3.2 samples per second for full frequency restitution. (Reference Fig. 
4.5.2-le and 'l~able 1~.5.2-l). 
The 'function requirements of section 4.5 for 
• Programmable display 
· ' 
Onboard checkout 
• Fault isolatj.on 
• Abort warning 
• Operationsl support 
• Maintenance support 
must be satisfied within the prev-iously outlined constraints. In eddition, 
as many of the desirable features of section 4.4 are to be incorporated 
as practicable. 
The following paragraphs discuss the mechanization employed, the significant 
alternati ves considered, and the function of the elements comprising the 
baseline of Fig. 4.6-4. 
.h~6.6.2 pata Management SUbs;v:stem. A prime function of the data manage-
ment subsystem is to collect data for presentation and decisi.onmaking. 
A system of remotely located Signal acquisition units is employed for a 
common interface with the federated subystems. 
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4.6.6.3 Signal Acquisiti<!!. A- common, normalized analog interface is used 
as discussed under options considered. The sizing of remot~~ is conveniently 
done in powers of two. Several cOmpanies have developed integrated multi-
plex chips, usually based on 16 inputs. 
Sizing of the units is a geographical problem, since the primary consideration 
is minimizing wire weight. 
Fig. 4.8-3 shows an isolated concentration of test pOints arOWld station 850. 
For the basis of this study, a single acquisition unit of 64 inputs is 
selected to service th:ts low-signal-density area, and is applied as a 
standard throughout Alternative 1. The absence of precise signal coordinate 
information precludes a more vigorous solution. This deCiSion, as 
implemented, provides a comfortable 11.4 percent growth factor. A trade 
study should be conducted on any specific design to Justify the sizing of the 
remote access units. 
4.6.6.4 AID Signal Conversion. Two potentially conflicting requirements 
influence the location within the data stream for conversion from analog 
to digital. First, it is desirable to minimize the number of digitizers 
to one centrally located, since this is feasible (normalized signal 
characteristics) and gives reduced weight and acquisition costs. Second, 
the effects of ambient noise are minimized by digitizing as near the signal . 
source as possible to reduce exposure of the norma.lized analog signal. 
This latter ~.~;s irable feature is maximized with separate digitizers for 
each signal. The compromise solution selected is to digitize the multi-
plexed signals in each remote acquisition unit. Digitizing at a lower 
level involves either dedicated digitizers for each signal, or for each box 
serviced. The latter course would demand inclusion of multiplexing within 
the box and either external sample control or buffer storage for the external 
acquisition system interface. This approach was ruled out under Option C. 
The weight associated with individual converters (200 pounds at an estimated 
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0.1 pound per signal for a LSI converter) is sufficiently high to raise a 
serious question of its advisability in a nonredundant design. 
Conversion at each of the remote units minimizes exposure of the relatively 
noise-susceptible analog signals to the environment localized around their 
source and gives the noise immunity of digital data for the transmission 
link-to the proceSSing center. 
The average sample rate required is 3.2 samples per second. This data rate 
(based on data of 400 Hz or less) is quite low, well within available 
technology. 
Signal paths from the remote units to the comparator may be either single 
or multiple bus structures. The low rates are compatible with single bus 
techniques, and a single bus is eI!!ployed in the baseline. In the event 
higher data ,rates are desirable for growth, a two-bus concept is recom-
mended to permit addre~sing during data transmission. 
Signal access sequencing can be unde"£' control of a central processor 
(as in MADAR) or a separate progra~uable control unit, or it may be local 
control with adequate synchronizing from a master clock. 
A locally controlled (compcrator unit), sequential sampling scheme is 
selected to reduce data rates on the transmission line and permit growth 
changes with minor hardware alterations. Growth prOvisions impact the 
address word length to permit the addition of more comparators. 
4.6.6.5 Signal Acquisition Unit. The selected remote unit receives 
normalized analog information from the monitored subystems through dedicated 
signal conditioning. The remote unit provides 
.' MultipleXing 
• Calibration (self test) 
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Self-test is possible by processing a signal of known value through the end-
to-end path and verifying its arrival at the processor. Gating elements are 
simple and reliablt~, and addition of calibrated S1.gnal sources or added 
multiplexi.ng to permit a calibrated input to each signal source is considered 
impractical. The impact in increased part count (lower reliability) and 
priority interrupt requirements to permit insertion of the calibrate signal 
are sufficiently severe to raise a question of the validity of such an 
approach. 
A tecmlique employed rather -Yidely is to devote one or more of the input 
signal,;s to a calibrated source (such as a zener) of known input within the 
data ,:t"rame. 
With alternative and a self-contained reference, two of the 64 inputs are 
ass\;uned to be used to exercize the signal path at a value inside the end 
point of the digitizing range. 
Sequence control should not be a problem, from a moding requirement, in view 
of the low sampling rates. A worst-case design can reproduce the expected 
1Tequency content well within the state-of-the-art. The design considered is 
brute forced to the extent of providing full signal reproduction capability 
to a buffer storage in each comparator unit (Fig. 4.6-4) ona single-mode 
sequence. The buffered data Ican then be accessed as desired without the 
requirement to change sampling rates .. 
Growth considerations for s8Dllpling mode changes can be satisfied by the use 
bf read only memory in the cOJDparator unit to control the sample sequence. 
P,.. common LSI array could be d1esigned with discretionary wiring prior to en-
capsulation to provide any de.sired sequence if 1iechnology is available. Core 
rope will meet this need toda.y. Inclusion of two or more of these arrays in 
1;he design will give the program an option that can be selected as needed. 
The selection, being initiated in the processor program, would include 
instructions for the reconfiguration required for buffer identification. 
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The primary reason for varying sample rates is polft!r conservation. 
. 
On the basis of the requirements of section 4.5, data rates into and out 
of the access unit are tabulated tor reterence: 
• Ihput to acquisition unit - 62 analog inputs at an average band- ' 
width of 1 Hz 
• Input to digitizer, 64 signals at 3.2 samples/second for 205 
samples/second 
• Output from digitizer, 205 samples/second at 10 bits/sample ~or 
2050 bits/second per acquisition tmit 
For sizing, it is convenient to consider the bit rate generated at the 
digitizer to be 2.5 kb/s. 
The basic data rate required to sequentially sample the data base is the sum 
of the address and data requirements. The address requires 4 bits for 
acquisition unit identification plus 6 bits for the 64 si,~als. With a 
potential of 704 signals to be sampled 3.2 times per second, each sample 
requires a total 2O-bit request-reply, or approximately 4.1 kb/s for each 
acquisition unit. This requirement imposes a request-reply rate demand on 
the comparator of 45 kb/s for the acquisition units. 
4.6.6.6. Interface Comparator. The canparator decouples the asynchronous, 
demand-oriented data users (processor and programmable display) from the 
cyclic acquisition portion of the subsystem. 
Incaning data are submitted to the logic examination of Fig. 4.6-5. 
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This function can be performed in the data processor quite simply; however, 
as seen :J.n the discussion. on busing loads ~tn section 4.7, it is desirable to 
facilitate growth through performing this fUnction remotely. An added benefit 
1s the ability to access any signal tor display as a ground checkout feature. 
Worst-case design would suggest a memory of 611/' 30~bit words. J~ach word COIlsists 
of the following subwords: 
Present value 
Upper limit 
Lower limit 
10 bits 
10 bits 
19 bits 
Examination of the test point data shows approximately one-third of the 
points are discrete; therefore, considerable reduction is realized in a final 
design by using this fact to reduce bit requirements. 
RoughlYf the worst-case reduces to 
21 words at 3 bits + 43 words at 30 bits • 1353 bit memory 
The 
1 • 466 equi valent word~J 
Data flow between the comparator and the remainder of the system is relatively 
heavy, yet still below that level presenting a challenge to the anticipated 
state-of-the-art; approximately 157 kb/s are required for full data 
fidelity at the processor. 
Requirements for the programmable display are discussed under that heading, 
,nd data needs may be supplied either by time sharing with the data processpr 
needs or by priority interru.pt. It is recommended that an interleaved 
time sharing be employed with a backup priority Slaved to the model of 
operation, either manual or automatic. 
The entire data base can be accessed by 24 bits' per parameter with fUL" w-ords 
or in a 50.7K bit frame which5 at 3.2trames/sec, represents only 324 milli-
seconds at a 500 KHz clock rate. The proJected 1350 bit/ser.: d1~,play requirement 
only adds 2.7 milliseconds, it satisfied serially. 
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The implementation of an alert regarding the exceedance of any stored limit 
is by an addressable buffer, which indicates the occurrence with a bit change 
and includes the address of t~e parameter that penetrated a limit. A five-
tiered register should be an adequate buffer, permitting 15 faults in the 
interval between strobes. 
Memory for the comparator could be solid-s·tate, since the intelligence for 
re-initializing after loss of power exists in the processor. The initializing 
process would require each limit memory to be refreshed, resulting in a 64-
millisecond interrupt. A more conservative approach that uses core or plated 
wire is suggested to eliminate this problem. 
4.6.6.7 Control Group Interface. Interconnection of the data management, 
programmable displays, and telemetry bus is provided. The limited time for 
the study prevented detailing the mechanization. No significant problems are 
anticipated., the unit acting as a hard-~ir'ed programmer to effect data flow. 
4.6.6.8 Data Processor. Existing general-purpose processors are more than 
adequate for the proposed baseline configuration. System decoupling provided 
by the comparator permits the 11rocessing elements to operate a.t a higher multi-
ple cf the acquisition clock to minimize priority problems. Use of 1 or 2 
microsecond add time machines will permit growth in application well beyond 
initial requirements. A question exists on the method. of storing the data 
required in support of the ~reviously listed fUnctions. 
The data storage summary for Alternative 1 is as follows: 
~dget Summary 
Basic routines 
Checkout/fault isolation 
Prelaunch (2 hr) 
Ascent (436 sec) 
Orbit (7 days) 
Rendezvous (15 min) 
Entry (2000 sec) 
Ap~roachand land1ng (45 m:f.n) 
\<larning and abort 
Trend data 
32-Bit 
5050* 
7950* 
32,011 
2956 
79,262 
6157 
6157 
7909 
2132* 
2000* 
*Independent of mission ~egment 
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The internal computer memory includes the 17,132 word. asterisked. With a 
conventional arrangement of 4000 memory blocks, a 20,000 word capacity is 
adequate. Approximately 3000 words are employed as ~ scratch pad to buffer 
the mission control data from external storage. 
The most severe requirement is during ascent. 
The configuration control information and operations support data supplied to the 
crew are at very low rates (reference section 4.5), with most of the 
acti vi ty consisting of logic routines performed in the data processor by the 
use of programming information stored in the program update and interlocking 
checkout units. These logic routines are executed on data from the acquisi-
tion element of the data management subsystem. 
The most severe bit-rate requirement is during ascent. It is also a mission 
segment where the entire support package should be entered rather than 
updated during operation. 
A basic design is indicated which consists of 
Scratch pad 3000 words 
" Main memory 17,000 words 
with the remainder of the serially required data in supplemental storage. 
It appears feasible to consider read-only memory for the basic routines and 
warning and abort, although warning and abort require'ments could alter with 
design changes during vehicle life. 
The preferred memory is plated wire, oli the assumption that the aging problem 
will be solved. 
The concept selected will read into temporary storage in 96K-bi t bytes in 
192 milliseconds. 
Two types of data storage are required to support the operation 
• Machine data 
• Visual data 
Considerations for each are discussed. 
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4.6.6.9 Program Update Unit. The previous budget of stored data indicates a 
requirement for approximately 150K words of machine data. Several methods of 
storage are availablej core, which is the most expensi've in space and weight; 
plated wire, which is relatively bulkYj MOS arrays, which suffer from power 
interruptions when employed in a read/wr te configuratioIl, but which are 
, , , 
quite densej holography and laser technology,which could potentially store 
the machine and visual data requirements in volumes comparable to the previous 
considerations. 
In keeping with the relatively conservative approach of Alternative 1, a 
magnetic storage device is postulated. Technology is well developed and the 
use of such devices are demonstratably compatible with long-term use by 
relatively unsophisticated personnel. 
An incremental read-write capability is required and a read-on-write feature 
is employed to check the validity of the data when the tape is loaded. Use 
of electronic buffering is employed to minimize the effects of word-to-word 
start-stop requirements. 
Bit packing has been demonstrated feasible in excess of2 Kb/inch and 100 
tracks/inch. An 800-bpi linearly and 16 tracks lead to 32 feet of tape for 
the entire requirement. An attractive approach is to package related mission 
segments in modular containers. 
This concept would reqUire a capacity to accept the entry and landing se~-ments 
without module clearagej a la-foot tape is more than adequate. 
The mission support routine would be programmed to alert the crew to the re-
quirement for a new module through the programmab le display. Crew response 
is evaluated by verifying the proper module through decoding the leader of the 
unit installed. Either an OK or corrective statement would be displayed. 
A secondary source of machine data exists .in the stored words in the inter-
locking C ontrol unit. 
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4.6.6.10 I'Ilterlocking Checkout Co~rol. Requirements for preprogrammed visual 
data for operations support are me:t in this unit. The data are expected in 
• Text 
• Graphics 
Development in holography may impact this area significantly by the 1972 time 
frame. Existing laboratory demonstrations show promise; however, the modest 
data requirement appears to keep film storage in a competitive position. 
The display of film stored data can be by direc;t projection. Problems en-
countered in direct projection are glare and the desirability of projecting from 
the general location of the crewman's head. Rear projection circumvents the 
latter problem, but both compete with the primary display tube for critical 
panel spa.ce. Rear projection using the display tube face is technically 
possible; however, considerat.ions of parallax and skew require the tube to 
meet undesirable design const~~ints. Either final optics must be on the rear 
centerline, built into the tube, or a thick, optically flat, window must be 
provided. SU1~ounting these obstacles still leaves the difficulties of 
registration and light intensity variations of the project1ed and electronically 
painted information. 
The technique selected for Alternative 1 is to use a remote television monitor 
to scan the film frame. Low light intensities are required as compared to 
directproje'ction (front or rear) and the information is compatible with the 
selected, display. 
Synchronization of the visual data and the machine processed operations support are 
'provided through a data field adjacent to each film frame. Half words are 
used, ten per frame. One word is the frame address. The remaining words are 
used to request actions such as changing data display formats or requesting a 
subroutine action from the processor. The dual requirement of the configuration 
control and verification of crew response can be implemented by judicious use 
of the capabilities,'provided in the baseline configuration. 
.. I 
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A desirable feature that is not included in the design is automatic configura-
tion control. 
The baseline configuration, in keeping with the groundrule of conventional 
federated subsystems,.has omitted the electronic interface that would issue 
commands decoded from the crew-requested actions to automate configuration 
control. Addition of this feature would reslt in a minimal impact, primarily 
in a small (LK to 2K) memory, demultiplexing, and n/A conversion for an 
estimated 600 control signals. 
4.6.7 Physical Characteristics 
The characteristics of weight and electrical power requirements for Alter-
native 1 are listed in section 4.10. The incremental change for Alternatives 
2 and 3 are tabulated where applicable. 
4.6.8 Technical Risk 
No technology requirement in either element or system was identified that 
exceeded anticipated 1972 technology. In general, the techniques employed 
are presently being used on production contracts. 
An estimated 85 to 90 percent of the elements required will be production 
configurations requiring either select:i.ve quality control or minor redesign 
and selective quality control to support the program. 
The remaining 10 to 15 percent of the elements are expected to be new design, 
based on techniques and capabilities that support simi.lar production items. 
Technical risk of Alternative 1 is commensurate with any high-performance 
avionic system employing technology at the forefront of prodtlct/1ion capability. 
, /1 '. 
4.6.9 Software 
(See section 4.9) 
4-73 
LOCKHEED MISSILES Be SPACE COMPANY 
! 
!.1 ' 
4.7 IES ALTERNATIVE 2 
OOC-A959837 
Vol. III 
Alternative 2 of the lES study differs from Alternative I by integrating into 
the data management the control display subsystem and the interface control 
function. The interface control function is concerned with multiplexing or 
time sharing the transfer of data between "boxes" and subsystems in the ve-
hicle. By performing this function within the data management subsystem, it 
is feasible to devise a truly integrated control, display, and data transfer 
subsystem for the total vehicle. Therefore, Alternative 2 will include in 
data ~nagement the following functions: 
• Onboard checkout/fault isolation (OBC/FI) 
_ Abort warning (AW) 
• Operation support (OS) 
• Configura·tion control and sequencing (CC/S) 
• In.terface control (IC) 
Alternative 2 will permit totally integrated configuration control and check-
out of the vehicle and will also allow each operational subsystem to remain 
autonomous. With this concept, it is possible to attain the objectives of: 
• Cable weight reduction 
_ Reduced number and complexity of interfacing devices 
• Enhanced reliability by reduced parts count 
• Ease of maintenance 
, 
• Reduced EM! problems 
• Growth capability and flexibil.ity for future modifications 
The major function that Alternative 2 'Hill perform that Alternative I did 
not is the transfer of operational dat~~. Therefore, the data management 
subsystem in this alternative becomes fLn active part of the operational sub-
systems. This is an important factor :I'.n the system design with regard to 
reliability, safety, and mission succes,s. The onboard checkout information 
is now the operational information, and. is acted upon as directed by the 
routines stored in the data processor (whe~her distributed or centralized). 
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The data acquisition part of the data management subsystem may be common for 
all operations, and the actual operational procedure on those data can be con-
trolled by the processing part of the data management subsystem. The traffic 
studies of data and test points show that this commonality is true; only the 
operating speeds or times for checkout or subsystem operation are different. 
As long as the data ~cquisition part is capable of operating at the maximum 
speed or rate necessary for any function, it can be common for all functions. 
This allows for standardization of hardware (interface~), data formatting, 
and software. Therefore, the data acquisition is common for all functions 
and the control of the data becomes the major factor. 
4.7.1 Options 
The data acquisition will be common for all options considered. A common 
interface circuit will be located within each "box" or subsystem function, 
as shown in Fig. 4.7-1. This interface circuit will be standardized for 
every interface that is in the data management subsystem and will format all 
data to the standard format needed for the data management multiplexed data 
transfer function. Each signal will be formatted to a digital serial bit 
stream and passed to other "boxes" or subsystems by a standardized coax 
twisted-pair cable. This circuit can functionally correspond to the signal 
acquisition unit used in Alternative 1. Depending on the option of process-
ing discussed below, the detail hardware will change slightly but the basic 
functions will be the same~.n the standard interface circuit. 
4.7.1.1 Option A. Option A centralizes all the control of the data transfer 
and data processing as shown in Fig. 4.7-2. The standard interface circuit 
is used in all peripheral eqUipment (subsystem functional equipment) and 
interfaces directly with the central computer. All of the data management 
functions (oBc/FI, AW, OS, cc/s, and IC) are processed by this compu'ter. 
One coax twisted-pair cable is routed to every item of' peripheral equipment 
in the entire V'ehicle. 
Even though this option saves weight and may save some cost in hardware, 
especially in a redundant system, there are many technical problems. The 
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major problem is electrical transmission line matching and termination due to 
the large number of interface circuits on one line. Each of the connections 
will cause a discontinuity in the line and, due to the high bit rate (1.5 MHz 
to 3 MHz), the discontinuity signal re~lections will build up in the line and 
may cause unacceptable bit errors. The reliability of a single line is poor. 
The centralized system has all data flowing on the same line,? and errors in 
the data are more likely to cause major errors in the operation of the vehicle 
subsystems. 
The technical risks for this option are higher than for other options with 
respect to software, reliability, and bit errors due to transmission line 
termination problems. 
4.7.1.2 Option B. ~ This option is a logical result of the above discussion 
of Option A. The control of the data transfer and data processing are still 
centralized, but the actual transfer of data is broken into several logical 
subgroupings, each connected to the central computer. Fig. 4.7-3 shows the 
grouping by subsystems as a representation of this option. Data lines or 
bus information rates are reduced by approximately a factor of ten (to 150 or 
300 KHz from 1.5 or 3.0 MHz). Also, the number of interfaces on each line 
has been reduced, and therefore, the termination problems have been reduced. 
With the reduced speed, the high frequency reflections may be filtered, re-
ducing the chances of bit errors due to reflections. The maj or :problem here 
is twofold io that the computer interface hardware increases and all informa-
tion must return to the central computer to be transferred to another sub-
system, increasing the number of routines handled by the computer, thereby 
increasing the hardware requirements in the computer. The technical risks 
from the software problems, are increased as a result of the increased rou-
tines and traffic. 
4.7.1.3 option C. ,In ~ptions A and B, the data control and processing for 
the data management subsystem are in a centralized computer. This arrange-
ment does not lend itself to having each subsystem or logical grouping of 
functions acting as an entity. Option C, as shown in Fig. 4.7-4 is a con-
figuration that includes some of the desirable characteristics of Option B 
4-79' 
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but allows the grouping of functions by subsystems. This is representative 
of such a configuration. Studies of the total vehicle configuration show 
that it may be desirable to distribute some subsystem functions in a dif-
ferent groupings, both by function and physical locations. For example, the 
main engine pro:pe:tlants, main engine fuel control, and main engine gimbaling 
and positioning contl:'ol could be a desirable grouping. This would cut sec-
tions out of' subsys'temsl.O, 2.0, and 5.0 and put them into a different 
grouping. The RCS, landing engines, landing ai.ds, and-guidance/navigational/ 
vehicle control sensors are examples of' other groupings. For the present, 
the basic subsystem configuratj,Oll will be used as the example f'or Option C. 
This option still has the central processor (or computer) and the standard 
interface circuit, on each sub function in the subsystem, but each subsystem 
now has a central controller (called a subsystem controller - SSC), which 
controls the traffic of data within the subsystem, controls the subsystem 
OBC/FI and the configuration control and sequencing, and interfaces the sub-
system with the master controller in the central computer. The SSC allows 
the subsystem to operate at its "natural frequency" without disturbing, or 
being disturbed by, other vehicle subsystems, except on a master configura-
tion and control setup command. The reporting to the central master control 
or transfer of data from subsystem to subsystem can take place without 
"tying up" the subsystem operatiop.: The inf.ormation bit rates within the 
subsyste~~ range from approximately lO~z to 200 KHz, with the master con-
troller/subsystem interface rates in the range of 500 KHz. The master con-
troller/subsystem interface bus is a single line for this study but could be 
a multiple bus if reliability and safety requirements so dictate. This 
arrangement of a single bus s.implifies the interface at the master controller, 
a.nd the data rates are not excessive for the state-of-the-art. Of the three 
options, Option C presents the least technical risk since each subsystem is 
autonomous but allows the master control and configuration to have a major 
control in its operation within the total vehicle mission requirements. 
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The baseline configuration for Alternative 2 in the IES Study will be Option 
C. The rationale for this selection is many faceted and will be discussed 
at this time. 
Option C meets the requirements of having a common interface. The interface 
can be well defined, and details can be given to each subsystem for using 
this interface. (This has been done in several major programs already in 
operation and others now being designed.) The operational subsystem can be 
separated and operated as an entity; this includes the major parts of fault 
detection and isolation, abort warning, and configuration control and se-
quencing. The subsystem controller can be integrated with the control func-
tions of the operational subsystem and save power and weight over a separate 
subsystem controller. The self-test and warning function will be a "hybrid" 
type function with the "box" having its own builtin . test equipment (BITE) 
and reporting its condition to the subsystem controller, and the system 
check being performed by the subsystem controller. This information can be 
part of processing done at the subsystem controller ~nd reported to the 
master controller when needed. As shown in the separate tradeoff study sum-
marized in Appendix D, the combination of BITE internal to "boxes" (report-
ing to a central controller) and centralized system end-to-end check is bet-
ter than the total centralized testing and checkout. The master controller 
will have the responsibility of total configuration control in conjunction 
I 
with the man-machine interface. The operations support routine will b~ 
under the control of .the central processor and will work in conjunction with 
the master controller conf~guration control. The master controller will in-
form each subsystem as to its particular mode, and the subsystem control 
will configure the subsystem for that particular phase or mode. Therefore, 
the configuration control and sequence function will be distributed through-
out the subsystems, with an overall master at the central controller. 
The interface with control and display (c/n) will be through the master 
controller. This will be compatible with the configuration control and 
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and seg~encing function as discussed above. Some dedicated controls and 
" 
displayswill not enter the data management subsystem; these are not 
considered here because of the commonality of all alternatives. Including 
the controls of the crew station in the data management subsystem allows 
some of the storage and routines in the c/n electronics to be combined with 
the data processor storage and routines. This display parameter selector 
logic and memory and the priority interrupt subfunctions can be combined with 
the same subfunction operations in the data processor. 
With the standardized interface, standard fo~mats, buffering, and transfer 
rates could be used. Also, with the standard interface, there is flexibility 
for growth and changes as technological improvements are made over the life of 
the program. Also, the subsystem controllers could each use standardized 
modules along with the master controller and processor and other logic/storage 
functions throughout the vehicle systems. The flexibility then becomes a 
matter of softw'are changes and having enough additional address capability for 
growth. 
There are few if any performance compromises because of the. IES Alternative 2, 
Option C. It may even help the end performance by overseeing the tota.l vehicle 
systems operation early in the program and then making the requirements known 
to the subsystems early in their design cycle. This will help avoid incompat-
I • 
ihility when the system integration phase is reached. 
As a result of the distributed nature and autonomous operation of each sub-
system, the effects of catastrophic failure of a simple component are less likely 
to cause major perturbation in the overall performa.nce of the vehicle. The 
Alternative 2, Option C is not constrained by the 1972 electronic component 
technology. It will depend on the scheduled developments between today and 
1972 of I such things as: 
• MOS/bipolar - ISI techniques, especially in t.he operating speeds (in 
the 1 to' 5 MHz range) and quantity of circuit eleitients per chip 
• Main memory techniques - in the area of plate-wire memories for 
"Qit packip.g densities and aging effects 
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• Scratch-pad memories - ROM semiconductor, in the area of bit packing 
and wiring techniques. 
No major breakthroughs are needed in the data bus or data processing techniques 
to use this Alternative. The major effort is needed in the systems orga~ization 
and management of this organization. New directional thinking in the software 
area could be of benefit, especially in coordination of the subsystem control 
within a total master control. 
The weight and power increment summaries are shown in section 4.10 of this report. 
The major consideration for this alternative is a savings in cabling weight; this 
i.s due to the multiplexing/common data bus arrangement. The power increment 
is :Lnsignificant in the overall picture, as expected, in that no functions of 
the subsystems have been centrallY located. The interface subsystem control 
funetions are contained in federated systems but have been standardized in 
Alternative 2 and will be a managed and standardi~ed function in the alternative. 
Technical risks involved in this alternative are not necessarily increased., 
and they may be decreased as a result of forced management of the total vehicle 
operations. The subsystems are still autonomous with respect to their own 
functional operation; but as far as operation within the overall vehicle 
functional operation, they are under the control of the master configuration 
controJ and sequencer (master controller). This factor 'should lend 
itself to less technical risk. 
Traffic studies were made from the test' pO,int and interface listings and summar-
ized in section 4.5. The ~tudies show that the sampling-rate requirements are 
well within today's state-of-the-art without the use of special packingor multi-
plexing, techniques. The highest rates are in the guidance navigation/vehicle 
I 
control subsystem (GN/VC). These are in the order of 2 to 3 KHz for each sub-
system. The trei.nsfer of vehicle control information accounts for this sample-
rate level-Without this transfer the sample:r'ate for these SUQsystems would 
be appro! ~'." 'v~lY 10 times less. All other subsystems are almost 10 times 
, 
less than.v~lese. If the communication subsystem were required to digitize 
voice for transmission, the sample rate for this particular function would be 
in the order of' 8 !<Hz .4..::88 
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At the master controller interface, the data traffic problems are somewhat 
different. The data transfer exclusively between subsystems is minimal and 
mainly in the vehicle control area. Tbe rest of the data transfer is between 
the subsystems and control/display-data management. Again, the vehicle con-
trol rates are similar to the rates discussed above in the subsystems. 
Transfer of data to the control/display and the data management control 
processor is at the same 2 t,o 3 KHz rate as mentioned in the subsystem dis-
cussion above. There is also some canmand transfer to the subsystem controller 
(to be added to the data sampling rates), but again this is slow in regard to 
the vehicle ccmtrol sample rates. Combining the sample rates from all sub-
systems gives a bit rate of approximately 500 KHz without the use of any 
special techniques to reduce data rate handling requirements. The data 
management system operating rates are vellwithin the state-of-the-art, and 
no s1"+ec1al requirements are shown from the standpOint of data transfer and 
multiplexing. 
Detail studies were made for the data processing requirements of the data 
management subsystem in the functional areas ot OBC/FI, AW, OS, andCC/Sj the 
results vere summarized for Alternative 1. The same functional areas will be 
us~d in Alternative 2 with no increase or decrease in requirements. There 
may be a slight regrouping and redistribution of these functional areas, but 
they vill remain essentia.J.ly the same. 
Tbe interface control function 1s the area to be detailed in this section. 
This fUnction includes the transfer of commands from, control/display through 
the data management subsystem instead of hardwired as in Alternative 1. As 
shown in the interconnecting diagram of section 4.5, the number of controls 
to be multiplexed is 118 of the total of 167. Be~ause of the criticality of 
the controls to the subsystem operation, the remaining 49 controls will be 
dedicated vires and not multiplexed. 
The interface control tUnction includes the transfer of commands and data 
from "box" to "box" and subsystem to subsystem. Again, the information in 
section 4.5 shows a total of 723 operational interfaces, with 195 of the 
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interfaces between subsystems (as mentioned before, these are almost exclu-
sively restricted to the GN/VC operations of the vehicle). A total of 841 
new instructions must be included in the Data Processor over what was required 
in Alternative 1. In regard to the total requirement of the instructions 
needed as shown in Alternative 1 (l50K), this is minor and is within the 
estimated accuracy of Alternative 1. 
One other factor has to be considered beyond Alternative 1; that is, an 
additional instruction has to be included in the command word to each inter-
face. The additional instructions tell the interface where to send the 
requested information~ This can be included in the subsystem by adding 
Transmi t-to-Address bits to the instruction word sent to every "box" from the 
subsystem controller. For the configuration of Option C this, will be only 
4 bits, since there are no more than 15 "boxes" or 15 subsystems. 
Therefore, the data processor requirements of Alternative 2 are well within 
the estimates of Alt~rnative 1, and no further increase or decrease is needed 
to do the data processing functions within the data management of Alternative 
4.7.3 Functional Description 
The fUnctional description of lES Alternative 2, Option C, which has been 
selected as the configuration for Alternative 2, will start with the sub-
system subfunctions. These subt\mctions' wi thin the subsystem have been 
treated as representing "boxes" within the ~S study and will be so treated 
in this discussion. 
The subfunctions will continue to do their operation,s within the subsystem 
in Alternative 2. The subfu.nction will also have BITE to be able to check 
itself. Whenever information is needed to be transferred from or to the 
subfunction from other functional areas within the subsystem, it will become 
part of the data management subsystem-data acquisition and transfer function. 
The interface circuit will be contained with the subfunction "box" to fo~:-mat 
the data for transfer out or recognize the incoming information and format it 
for use within the subfunction. 
4-9:'; 
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The control of the information. flow is des .gned into the subsystem controller 
for each subsystem. Each information transfer point in the subsystem is given 
a tttime slot" within the total frame of information to be transferred. W.ithin 
the "time slot" are instructions that will tell what to do with the information, 
i.e., transfer to another "box" within subsystem, transfer to subsystem con-
troller for status, OBC operations, or transfer to another subsystem. Also, 
there is an address instruction as to where the information 1s to go. All of 
the instruction routines and addresses are stored in the ssri memory. This 
memory (and in turn the subsystem) is sequenced in time at the "natural fre-
quency" of the subsystem information points (test points, interface, and 
commands) as designed and programmed into the executive routine of the sub-
system controller as determined by the original design of the subsystem. Also 
designed into the subfunction word or information transfer is the capability 
to indicate a priority interrupt, to the subsystem controller, that special 
routines are needed in a critical time cycle and all other routines will be 
recognized by the subsystem controller and acted upon accordingly. 
The subsystem controller must also interface with the master controller to 
transfer information between subsystems and to the central control. Also, 
the subsystem controller will receive commands from the master controller for 
such things as data transfer, configuration control, etc. The interface with 
the master controller will be asychronous and therefore will require storage 
, 
of the subsystem information to be transferred oln the master controller inter-
face. By doing this the information will be continuously available, on call 
fram the master controller, without disturbing the subsystem operation. 
The sut1system controller will have routines stored to do the subsystem end-
to-end checkout. This is above and beyond the BITE in each "bOX" and supple-
ments this function on the subsystem basis. Also, routines will be stored 
for the configuration Gontrol and sequencing for each subsystem, as discussed 
earlier. 
The subsystem controller performs a significant role for the operational sub-
system and in fact, may be absorbed into the subsystem' s computer i. or 
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controller/sequencer. As all example, the ,guidance, navigation, and vehicle 
control computers can abaorl:) these subsystem controller functions without 
major design impact. This has been configured in tb1sde~ign. Usually, 
these computers have 1ihe mlil tiplexing and digital interface already included 
in them and their memc)ries have spare storage capability. The subsystem 
controller logic circuit operations are well within the capability of such 
computers. This same Iconcept may be used in other subsystems, as mentioned 
in the Alternative 2 discussion. The configuration dis·cussed here has used 
the GNC computers but has used separate subsystem controllers for the other 
subsystems • 
The master controller-subsystem controller interface operation is very similar 
to the subsystem-subfunction interface. The number of information points is 
different, but the same basic functions are accomplished wi thin the master 
controller, only on a "higher level." The master controller operates at the 
"natural frequency" of the overall vehicle systems requirements, as does the 
subsystem controller ~~ th the subsystem. The same "time slotting," memory, 
a.n<l logic routine methc'J<is can be used. Therefore, in this operation, the 
DBster controller becomes a "subsystem controller." 
There are other functions that the master controller must perf'orm. It must, 
interf'ace with the control display subsystem. This interface function bas 
become an integral part of' the data management subsystem in Alternative 2. 
Only the major display formatters and drivers and control i~rf'ace receivers 
and drivers are part of the control/display subsystera. This includes the 
Cl 
detail formatting routines, refresh memory, internal self'-check, etc. The 
actual control of' the information to be displayed am the "call up" of routines 
is stored in the data processor of the data management subsystem. Since many 
of these routines are similar for automatic control and sequencing, a CeJDmon 
storage can be used. 
ADother functional operation ot the master controller is to transfer informa-
tion to and f'rom the mass storage, delta storage, program update, and inter-
locking checkout. These units are mainly used for program.- or data storage 
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tor playback at some later time. The information must be formatted, pre-
pared, and time tagged for storage and playback. This is sj~milar to 
formatting and preparing data for transfer over a comwxnication link. Since 
the voice is not digitized in this configuration, the data to be transmi.tted 
over the RF link are also prepared in this "SUbsystem" grouping. This 
requires an extra interface with the communicatJ.on subsystem. If the voice 
is digitized in the intercommunication subsystem, the sample rate is in-
creased by approximately 100 to 1. The actual rates are not extremely high 
(approximately 500 KHz) nor difficult to handle with -'Goday I s technology. 
Savings could be made in the premodulation hardware and the extra interface 
hardware. This was not done for Alternative 2, because the increase in 
subsystem data rates may cause increase in the error rates. Further detail 
tradeoffs should be performed, beyond the scope of this study, to completely 
answer this question. 
In summary, the major impact of the Alternative 2 configuratton on the ve-
hicle is the multiplexing and management of data transfer between sub-
systems and subfunctions of the vehicle. A major savings in cable weight 
will be realized, but other equipment and functions are essentially the 
same. Also, the common interface hardware and system design will result 
in major savings in cost (this bas been shown in studies done on present 
day operational programs). 
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This portion of the study addresses the problem of combining all of the 
electronic tunctions into a single integrated system. In this alternative, 
the integrated system embraces botlll the vehi~le health monitoring functions 
~ld all vehicle subsystem operating: functions. These functions encompass: 
• Vehicle status and maintenance monitoring 
• Abort warning 
• Fault isolation 
• Data acquisition and processing associated with vehicle 
subsystem 11loctions 
• Configuration and mode control of all vehicle subsystems 
• Guidance, navigation, and flight control 
• Interface control between control/displays and vehicle 
subsystems 
• Display data processing 
For this study, the sensors have been defined to include the signal con-
ditioner, and the vehicle subsystem elements defined to include the driver 
ampl~fiers required for subsystem control. 
The only limitation placed on the design study is that the results are to 
be based on the 1912 state of the art, which places a limitation on hardware 
availability rather than on system design philosophy" 
In this configuration, all electronic processing is performed centrally by 
time sharing a centralized processor and is justified on two basic grounds: 
• A Single processor can be efficiently time shared between 
all vehicle functions. 
• Only a single set of redundant processing equipment is 
needed to provide the desired reliability_ 
4-94 
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Onboard computers for most space-vehicle applications operate well below 
their designed speed capacity. The guidance and navigation routines gene-
rally require less than 100,000 basic operations (such as ADD) per second. 
By adding housekeeping and .other specific procedural functions, the opera-
tional load may be increased to as much as 200,000 per second, which would 
require add times of about 5 microseconds. Today's space computer is gene-
rally designed to perform additions in 2 to 3)1 s. By 1972, add times of 
1 and 2 ~ s will be standard through the use of parallel processing and 
;' 
memory cycle times .of less than 1)"1 s. Thus, the resulting loading on the 
individual processor for virtually all applications is often less than 60 
percent of maximum capability. Other tasks such as onboard checkout and 
crew display processing have relatively low demands that require possibly 
20 te 30 percent .of a computer duty cycle. 
Figure 4.8-1 illustrates typical use factors of the arithmetic processing 
systems in most vehicle computers. The top dia~am assumes a hypothetical 
nonredundant set of four such subsystem processors, each loaded at 60 per-
cent duty cycle. The inefficiency of equipment use inherent in this approach 
is magnified when redundancy' is incorporated as shown. 
The centralized scheme illustrates the use of multiple processors lecated 
within .one machine, which allows more efficient use of precessing equipment. 
1\1is is particularly applicable in a redundant cenfiguration. The redundant. 
cenfiguratien shown in Fig. 4.8-1 sustains any two failures (Sf; opposed to 
the more censtrained reliability statement which must be made when the re-
dundancy is incer'porated at a subsystem level). A full relia'bili ty 
analysis is required te fully demonstrate these aspects. Such a study was 
ma.de under an lMSC study program (Ref. 1) dealing with complex unmarmed ve-
hicles in which it "tas determined that centralized processing can simul-
taneously reduce power and weight , while improving reliability .. 
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Figure 4.8-2 shows the basic concept of centralized processing used in 
Alternative 3. 
The central processor, here termed the data coordination system (ncS), is 
one part in the fully integrated configuratlon. The other vital part of 
the system is the network interconnecting the DeS with all other vehicle 
subsystems. Because of the centralization of control inherent in this con-
cept, the subsystem interface problem reduces tQbasically two simple tasks: 
data retrieval and command execution. Both tasks require a minimum of re-
mote electronics, which can be distributed throughout the vehicle and can 
be implemented in lightweight microcircuit modules. The combination of the 
distribution network, called the data distribution system (DDS), and the 
DeS results in a totally integrated electronic processing and control system. 
Within the basic definition of a fully integrated system, as discussed above, 
there are various ways to implement the DeS and the DDS. With the central 
processor (DeS), the options include: 
• General purpose uniprocessor 
• General purpose multiprocessor 
• Multicomputer systems (only necessa.ry to achieve redundancy) 
• Cellular processor (distributed logic) 
• Memory organized processors, including list-processors and 
associative-processors 
The last two were elimina.ted on the basis of current technology. The re-
maining three can be discussed effectively only by considering the relia-
bility required by the overall system. This is dealt with in more detail 
in section 4.8.3. 
Optional organizations for the distribution network (DDS) include all con-
cepts from the one-channel-per-wire technique to the fully multiplexed twin-
wire system. The ~irst technique results in an extensive weight penalty 
with respect to a multiplexed system. Tbe otber extreme, however, may not 
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be optimum, when all aspects of weight and complexity are considered. The 
DDS discussed here attempts to minimize both weight and complexity by ex-
ploiting the advantages of modern cabling techniques and modern micro-
circuitry. The system is fully discussed in section 4.8.2. 
4.8.1 Interpretation of the Orbiter Requirements 
The requirements defined in section 4.5 are used as the be~sis for sizing 
both the DDS and. the DCS. It is first necessary to make the following de-
finitions conc€:rning the information flowing into and out of the DCS. 
Information flowing along the DDS bus structure can be categori~ed into the 
following groups: 
• Commands (information flowing out of the ncS) 
Discrete commands, each of which will result in a 
single on-off action 
Serial digital commands, each of which will result 
in a "proportional" action 
• Data (informtion flowing into the DCS) 
Discrete data (outPUt from two-state sensors) 
Serial digital data (output from proportional 
(analog) sensors) 
A final categorization is necessary to complete the definitions. 
• Active data - Refers to information, obtained from a 
subsystem element, that is required by the processor ill, 
order to complete the computation procedure 8,ssociated 
wi th one of the subsystem control loops. Such computa·· 
tional procedures result in a command that is sent out 
to the appropriate subsystem control ele~:nt. The 
combination of the res and the DDS forms a sampled data 
and control system, which is time shared among all on-
board functions. 
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• Fassive data - Refers to information, obtained from a 
subsystem element, that is required for monitoring the 
health of that subsystem. It does not form part of a 
closed loop control. 
In general a serial digital data channel is either active or passive, and 
only rarely is one data channel used for both active and passive purposes. 
However, a discrete channel may well play an active role during short 
periods of time and a passive role for the remainder of the time. 
The reason for the quoted definitions is twofold. First, it allows the DDS 
to be Sized from purely a hardware standpoint; second, it allows an approxi-
mate sizing of the computer loading requirements in performing the tasks of 
malfunction detection, abort warning, and configuration control. 
Table 4.8-1 deals with the first part of this task. This chart includes a 
20 percent contingency and shows that there are just over 2000 data points 
to be sampled, and about 800 command pOints. In Alternative 3 the data management 
s~bsystem comprises the DeS and the DDS. The pOints allocated in Fig. 4.8-2 
for the data management system are Simply test pOints on the power supply 
lines associated with the DeS and the DDS. This subsystem provides its own 
t~st procedure internally b.Y continually executing self-test routines. 
The crew station subsystem (8.0) is treated similarly to other subsystems, 
i 
even though this information does not strictly fall into the previously de-
scribed categories. Manual crew controls are treated similarly to subsystem 
data pOints and are sampled rapidly; the appropriate commands are executed 
when necessary. Display data are treated similarly to commands issued by 
the DeS, by continuously updating the particular block of data required by 
the display. 
Table 4.8-2, which is a subdivision by mission phase of" active data 
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Qbannels, passive data channels, and discrete data channels, shows the 
proportions of the total number of channels that must be sampled in each 
~se to satisfy the complete checkout task and the complete vehicle 
control task. The detailed requirements for the DDS and the 008 are dis-
cussed in more depth in sections 4.8.2 and 4.8.3. 
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COMMAND AND MONITOR POINT REQUIREMENTS 
.---
__ " r-:: 
Command7r Monito~r 
Channels Charmels 
Subsystem 
Serial Serial 
Discretes Digital Discretes Digital 
Structure/Mechanical 52 6 54 253 
Propulsion 243 23 291 457 
Electrical Power 86 10 66 183 
Environmental Control 57 0 60 83 
! 
Guidance and Navigation I 31 3 38 I 129 
Vehicle Control 118 59 52 61 
Communications 47 2 40 67 
Crew Station 55 25 229 85 
Data Management -. 
-
11 11 
Subtotals* 689 128 863 1329 
TarALB* 817 2192 
*20% contingency included 
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4.8.2 Sizing the Data Distribution System 
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Tbe first task is to decide how to distribute the data retrieval and cODIIBnd 
system throughout the Space Shuttle. 
Figure 4.8-3 shows the distribution of monitoring and command channel loca-
tions throughout the vehicle (corresponding to the subsystem equipment 
distribution shown in Fig. 4.8-6). Two heavy density areas exist, one in 
the general locale of the crew station, and the other .in the aft end of the 
vehicle, in the general area of the engines and the control surfaces. 
4.8.2.1 Defining the DDS bus structure. Tbe following pOints were considered 
in selecting the most suitable bus structure: 
• Data rates 
• Bus driving power requirements 
• Subsystem distribution throught the vehicle 
Data Rates. Figure 4.8-4 shows a data rate profile derived from the require-
ments analysis. The test-po,int rate profile for these configurations can 
1)e almost directly equ.a~t;ed with the profile expected in Alternative 3. The 
average for this group is 3.2 samples per second. With a reasonable con-
tingency, an average passive data sampling rate of 5 samples per second can 
be assumed. 
~lthough the active data for Alternative 3 are derived directly from sensors 
and used in closed loop control funct.1ons, in Alternatives 1 and 2 this is 
riot true, as the control functions remain at a subsystem level. Thus, it 
was felt necessary to increase the sampling rate of active data channels 
., 
~omewbat over the average rate defined for interface control (1.1 samples 
per second); 25 samples per second was selected as being an adequate average 
.: 
format rate for closing all vehicle control loops. Loops:-with higher speed 
, 
than 1~his would either be supermultiplexed within this, sampling format or 
would remain local wi thin the subsystem e,quipment. 
'/ 
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Tbese rates must be translated into an overall data transmission require-
ment; first, however, it is necessary that assumptions be made about the 
method of data transmitted. It is assumed that a 10-bit data word provides 
sufficient accuracy for most analog measurements,; 'thus a l2-bit word is 
sufficient to encompass data, sign, and parity. The occasional require-
ments for greater accuracy than this can be perj~ormed by allocating two 
l2-bit words to such channels. It is further e"BsWDed tha.t each data channel 
and command channel must have a unique address, which is randomly accessible 
by the Data Coordination System, to satisfy the mu~tifunction sampled data 
and control system requirements. The cumulative total, from Table 4.8-1, 
, 
is 3009 channels, again requiring a maximum of 12 bits of address for each 
channel; this assumes a single bus structure for the whole system. Thus, 
every data channel must be addressed with a 12-bit word and will respond 
with a second l2-bit word. Effectively, each analog channel requires 24 bits. 
Discretes can usually be handled in blocks, and each l2-bit word can carry 
10 discrete information channels. With the same basic 24-bit structure, 
12-bit address would again be needed for each block of 10 discretes. The 
same figures generally hold true for command channels, except that the 
~2-bit response word rlOW takes the form of a cOmmaIld validation or "echo-
check". A further assumption is that, in order to minimize cabling weight, 
all data transmission would be in serial format. 
~e most active phase of the ad,ssion (see Table 4.8-2), which is the 
prelaunch phase, has a peak sampling loading of 690 dj.screte channels, 
, ' 
636 passive analogs, and 299 active analogs. A 'worst case command loading 
would be to assign one command channel for each acti V'e analog c:hannel. 
The total loading OD the bus can be dettermined from Table 4.8-3 which 
shows a word rate 24K words/sec and the bit rate = 516 K bits/e~c. 
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DDS BUS LOADn«l 
NUlliber of s''\IIlPllng 
Words Rate 
.-
69 5Hz 
636 5Hz 
299 25 Hz 
299 25 Hz 
-
-
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Bu.s Loading 
Words/Second 
345 
- . 
3,180 
-
7,475 
7,575 
-
Total 18,475 w'ords/sec 
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This represents a worst-case in data transmission rate along the DDS bus 
structure; nevertheless, it is indicati~~ of the types of rates expected. 
For the sake of circuit simplicity, the remote multiplexers and decoders 
should ideally work at the bus transfer rate. One result of a 500 K bit/sec 
bus data rate! is that moderately high-speed Circuitry must be used. H..JWever, 
if the bus is' partitioned into two or more groups, the operating rate 
becomes low enough to use M)S technology, wi th its inherent power and weight 
advantages. 
Bus Driving Power Requiranents. The maximum len.gth· of cable from the OOS 
to the most remote point could possibly be 250 feet. Such a cable length 
requires a significant amount of driving power unless it is properly 
terminated. Figure 4.8-3 shows that apprOXimately half the channels are 
in the remote areas and that the other half are in the forward end ot the 
vehicle close to the OOS, which is at station 500. 
To conserve overall driving power,it is necessary to consider partitioning 
the bus into at least two sections, a centralized section and a distributed 
section. 
Subsystem Distribution Throughout Vehicle. A final aspect that was considered 
was the distribution of the equipment at each subsystem throughout the 
vehicle. Figure 4.8-5 illustrates this distribution. Subsystems 1, 2, and 
6 are distributed throughout the entire length ot the vehicle, whereas the 
remaining subsystems are predominantlY localized around the crew station 
area. 
Subsystems 1, 2, and 6 represent the prime subsystems dealing with vehicle 
contol; the remainder have a relatively low significance in exercising 
primary control over the vehicle. This distribution suggests a possible 
bus-positioning approach. 
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4.8.2.2 Tbe Twin Bus Approa~. On the basis of the previous discussion, 
it was decided to provide two buses, as shown in Fig. 4.8-5. Tbe 
"centralized bus" .as a maximum length of about 85 feet and is predominatly 
concerned with collecting data from the crew associated subsystems crew 
station, environmental control, and communications, and the electrical 
, 
power subsystem 4.0. It also partially alleviates the loading of the second 
bus by interfacing with other subsystem equipment in the immediate vicinity 
of the ncS. Figure 4.8-6 shows the weight and power profile of each bus 
throughout the vehicle. 
The "distributed" bus has a maximum length of about 250 feet and is mostly 
concerned with transferring prime vehicle control information between the 
DCS and the hydraulics, mechap1cal, and propulsion systems in the aft end 
of the vehicle. Because of the critical nature of the information travelling 
on this bus, extensive command protection would be used, as described in 
Eection 4.8.2. 3. 
It was further decided to divide both buses into a "command" bus and a 
"data" bus, primarily because of the difference between the data rates 
and the command rate and the necessity for effective transient protection 
on all commands. Section 4.8.2.3 describes the hardware design pre-
cautions that have been included to minimize the RFI, EMI, and noise 
transient problem to prevent command failures. A further faiiure 
mechanism 15 the incorrect interpretation of' addresses. The data 
retrieval rates are typically in the order of 5 to 10 thousand words 
a secon~; the maximum command rate will probably be considerably less 
than this. Thus, if the camnand and data buses are separated, the 
chance of incorrect addressing is also considerably reduced. 
Partitioning each bus into two main sections reduces the bit rate on 
anyone bus to less than 200 K bits/sec. It is therefore practical 
! 
to I consider MOS circuitry for all DDS electrOltl1c modules; this allows 
extensive weight, power, and cost savings and a potentially higher 
reliability than bipolar circuitry permits. 
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4.8.2.3 Data Distributien Sxstem Electrenics. This sectien presents the 
standardized modular appreach that will be within the state-ef-the-art 
by- 1972. 
The basic module is called the data terminal which, simply described, 
is a remete-addressable, randem-access, l6-channel multiplexer. The 
multiplexer is a micrecircuit medule. The modules can be used individually 
er greuped to. previde additienal lecalized channels. ~hey can be arranged 
in a greup ef feur to. be compatible with the 64 channels ef Alternate 1. 
Addressable l6-channel miltiplexers are currently available and sheuld 
have a preven reliability by 1972. 
The data terminal receives and decedes the serial addresses sent by the 
nes and routes the apprepriate analeg data into. a lecal A/D cenverter. 
The data are digitized and returned to. the DOS in a serial word fermat. 
In a slightly different ferm the same module, called a cemmand terminal, 
is ·used to. decede and execute up to. 16 discrete en-eff commands. Alter-
nately, serial digital commands can be sent from the DCS, through the 
cemmand terminal, to. a D/A cenverter to. effect the preportienal centrel 
required by mechanical centrel elements such as elevons. 
The cemmand terminal (and, in fact, the data terminal) empleys a validatien 
precedure that prevents neise er EMI transients from inadvertently eperat-
ing centrel devices. In this precedure the address rec€'ived by the 
command terminal is parity-tested and leaded into. the appro.priate module 
address decoder. The address is then returned aleng an echo.-check line 
to. the DCS,wnere it is compared against the address previously sent. 
If correct, and EXECUTE co.nditien is relayed to. the appro.priate camnand 
terminal, where it is legically "anded" with the channel address to. 
execute the command. 
A further degree ef pretectio.n can be effered by using a "code-protectio.n" 
module. In this system tli.e caDmand word includes a unique lO-bit code, 
\. 
which is sent through a coi~d terminal to. the "code-pretectio.n" module, 
\. 
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wherein the code is compared against a code stored in a hard-wired 
register. The two codes must correspond exactly, before the command can 
be executed. Such a technique completely eliminates random nOise firings' 
and is used on all. the highly critical control functions associated with 
the main engines and the main propellant tanks. 
One method. of using the "code-protection" technique would be to inter-
connect two command terminal modules on the main distribution bus with 
two modules mounted on a redundant bus, through an "interlock" module. 
This combines the use of'serial-parallel redundancy with a tully inter-
locked system to effect an absolutely fail-operational remote control 
system. 
4.8.2.4 Smmnary of the Data Distribution System. The weight, power, 
and size snmmary of the data distribution system of IE5 Alternate 3 for 
an orbiter vehicle is contained in Tabli~ 4.8-5 of Section 4.8.4. 
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As indicated in section 4.8.1, the central processing part of this con-
figuration can be considered as a high-speed digital computer. However, 
considering the critical importance of this unit, special attention must 
be given to the design in order to achieve the necessary reliability. 
One solution to improving the reliability of a CP computer is to stack 
one or mre redundant computers with the prime computer. These machines 
can either operate in standby (passive) redundancy, in which case each 
requires its own self-checking capability, or they can operate in parallel 
(active) redunaancy and incorporate a voter system to determine the 
correct computational results. The standby system conaervs power but 
requires an extensive "warm-up" period to allow the machine to establish 
the appropriate program section in order to take over with minimum impact 
on the operation of the vehicle. The parallel system isexpensi ve in 
terms of power; but has the advantage of immediate takeover. The many 
problems inherent in such a multicomputer conc:ept can be alleviated to 
a degree by use of a special-purpose exe cut i vc~ control system that manages 
the operation of multiple general-p~ose prorcessors. Such arrangements 
are more properly termed multiprocessors, of the master-slave variety, 
and are being extensively investigated (Ref. 2);0 Another type of 
multiprocessor is one in which identical general-purpose processing 
modules are connected to form a "bank" of processors. Any processor can 
take over any task that is next on the list, or can remain in standby 
until extra processing capability is required. The executive control 
"floats" among the processors and is not dedicated to anyone as in the 
master-slave concept. This technique is highly flexible and exhibits 
the least dramatic failure characteristics of any configuration. However, 
it invariably costs more in software. 
This section discusses the nonredundant sizing of the DCS and is not 
involved in multiprocessing concepts; nevertheiess, the "floating 
executive" concept is preferred as the most optimal form ot multiprocessing 
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to meet the diverse functional requirements and very high reliability ot 
the orbiter vehicle, as discussed in section 4.11. 
4.8~3.l CODlRutational reQ,uirement. ot DCS. Table 4.8-4 shows the 
estt.ted cau,putational load1ns, by phase, tor a typical mission. Each 
computational function is discussed below. 
OPerational Support. This function is primarily associated with mission 
planning operations--either betore launch or during tl1Sbt--that are 
required tor long-term planning. Operations support embraces any ot 
the programs that are required tor the real-ttme operation ot the vehicle. 
lhe crew, who will actively participate in the operations support 
procedure, are inw1ved in this task. The computational loading t1gures 
are intended to represent peak loading estimates tor each phase. The 
maxi mum figure ot 50,000 operations per second is shown in the prelaunch 
and in the orb 1 t stay period and would undoubte~ occur during the 
closing countdown stages betore ascent to reentry. An extensive memory 
allocation is made for this function to allow tor the di'vers1ty ot 
mission plans that would have to be stored onboard. Only _11 sections 
ot this m_mory need be active at any one ttme~ 
Maltunct10n Detection. This is the maJor onboard checkout program and 
1. pr1mar1ly a l1m1 t testing procedure on all testpo1nts. From a knowledge 
ot the MADAR computer loading, it was deteriDined that the averap computer 
l,Qad1ng is 10 operations/test point. This routine is repeated at 5 Hz. 
, 
Tbe c1Dml1at1ve totals ot the discretes plus the passive serial-digital 
~annels were taken tran Table 4.8-2; these were then multiplied by the 
, 
lqad1ns figures above to derive the total computer loading. The..ory 
I 
allocation was &pin estimated on the basi. ot kDowleclp gained trom the 
MADAR system. 
Abort Warning. ibis abort warning W8.8\, treated s1m1larly to maltunct10n 
detection, except that the numbers ot test po1Dts allocated to this 
4-120 
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fUnction were assumed to be 10 percent of the malfUnction detection 
function requirement. Also, the sampling rate was increased to 25 Hz 
to give rapid warning of an imminent abort condition. 
SUbsystem Control. This function includes all subsystem control functions 
not under the seneral heading of guidance, navigation, and flight control 
computations. It deals mostly wi,th sequencing the events and testing 
and verifying their corr~ct operation. It handles ~l computations 
associated with the control of the environmental control subsystem and the 
electrical power subsystem. It handles the major tasks of propellant 
loading during prelaunch and assures that all onboard resources are 
appropriately allocated to meet the forthcoming operational requirements 
(i.e., the configuration control task). 
Without a detailed sonware study, :l.t is impossible to size this task 
with any accuracy. However, a rough estimate can be made by aSSigning 
all active data points frO~ Table 4.8-2 to the task and assuming a load-
ing factor corresponding roughly to that of the malfunction detection 
ro1~tines • This results in the computational and melDOry loading shown in 
Table 4.8-4. 
Guidance, Navigation, and Control. These tunct1"ons, which predominantly 
involve subsystems 6 and'T, are discussed in more detail in section 4.4. 
The estimated computer loading figures are based on sOftware generated 
for a 32-bit floating-point machine. 
Display and Command Processin~ The important feature of the crew display 
system is simplicity. A combination of a small selection of dedicated 
displays in conjunction with a flexible programm8ble displ~ should 
achieve this basi,c goal. The bulk of the display presentation techniques . 
reduces to either alphanumeric CRT presentations or alphanumeric lamp 
d.isplays • Tbef'irst grou.p must be performed by special-purpose character 
generation eqUipment and second by BCD cOnversion equipment. This 
equipment is ;assumed to be part of the d1sp~ console. 
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It was assumed that rates of 5 Hz an.d 10 Hz would be /l¥3.ximums required for 
updating the programmable and dedicated displays respectively. The display 
func"!:; ion would be performed by storing the Ij.st of display addresses in DCS 
memory and modifying these when required either by a crew member or a pro-
grammed display routine. The result is a maximum computer requirement of 
about 15,000 ops per second for these two functions. Also, the information 
from the crew controls is multiplexed in the same way.as vehicle sensors at 
a 25-Hz rate. This results in a computer loading of 27,000 operations per 
second. A 20 percent contingency results in the 50,000 operations per 
second associated with the total crew systems. 
The on-line display formats ar~ assumed to be stored in the computer 
memory either in active or bulk memory, which accounts tor the relativel1' 
large computer loading required for this task. 
Executive. This f\mction includes all aspects of -task scheduling, computer 
selt-testi.ng" and any internal rode control. Because ot the critical 
nature of the DeS, an extensive rapid selt-test is required, involving 
a large section ot memory dedicated to this task. 
4.~.3.2 Mission CO!II,Putational Profile. From the cumulative profile at 
!fable 4.8-4 an indication can be derived at the r1equirement tor at least 
a 2.5 microsecond computer; i.e., an add time, includins memory access, 
should be no JDC)re than 1.5 microseconds tor a worst-case operating duty 
cycle of about 70 percent. 
Figures 4.8-7 and 4.8-8 present two parametric studies that were carried. 
out under a Lo~'dleed study program (Ret. 1). ihey show that an in~r­
register add time ot 1 microsecofld is l>O*Iible with 'IfL lOgic (1969 
technoloQ). It is apparent that a 32-bit corry-lookahead arithmetic 
~it is required, which would consume possibl1' 12 watts it the stanclard 
h were used or abou't3 watts it low power 'lfL were used. From these 
fipres a worst case CPU power at 15 watts was estimated. 
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4.8.3.3 Memory Requirement. The active (on-line) memory requirement is 
sized on the. basis of the ascent, injection, and rendezvous phases. As 
shown in ng. 4.8-3, 64K words are required. 
The average number of memory access cycles for each basic computer 
operation is 0.4 when averaged over many types of space vehicle function. 
This number was derived during work carried out under a LoCkheed space 
program (Ref. 1). If a maximum computational lOading of 500K ops/sec is 
assumed, the equ1valentmemory accesses would be 200,000 per sec. 
Figure 4.8""9 shows the estimated memory power/speed curve based on 8K 
word x 32-bit core stacks; 20 mil cores are used. The standby power is 
high as a result of the individual addressing electronics required 
bY-each stack. This power could be reduced by either increasing the 
stack size or by strobing the sense amplifiers. Nevertheless, the curve 
is reasonably representative and indicates the linear relationship 
between speed and ·transient power. The total operating power I at the 
assumed access rate, is seen to be 95 watts. 
4.8.3.4 Input-Out.put Requirements. The I/O section of the data 
coordination system is rel.ati vely simple because of the decentralization 
of the muJ.tiplexing; and command decoding tasks. The I/O tasks performed 
centrally are the following: 
• Formatting and sequenci~ of" data channel addresses 
• . Line driving of the DDS buses 
, 
• In1ierfacing with DeS internal data bus 
• Formatting and validation of commands 
• Buf'fer storage to allow data. rate differential between 
DDS anel DCS rates 
• Buffer storage and interrupt control for bulk memory 
interfa~ce 
• Special-purpose task associated ~"'th the guidance 
system 
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The tasks are relatively simple; however, the large data -throughout re-
quires high-speed operation, with corresponding high power required. 
As shown in Table 4.8-5, 45 watts is considered adequate. 
4.8.3.5 Data CoorJination System - Physical Characteristics. Table 
4.8-5 slunma rized the DCS characteristics, all estimates being relatively 
conservative and well within 1972 state-of-the-art. 
Table 4.8-5 
DATA COORDINATION SYSTEM PHYSICAL CHARACTERISTICS 
Weight/Unit Power/Unit Volume 
Unit (lb) (watts) (in3 ) 
-
Memory 56 100 800 
Central Processor 8 15 200 
Input/Output 9 25 200 
Power Unit 9 21 120 
Hardware 20 
--
80 
- - -
MeJoory System 102 161 1400 
Totals 
4.8.4 Complete Nonredundant ~ecifications 
Figure 4.8-10 is a symbolic block diagram of the complete nonredundant 
system. The data configuration system requires a single CPU an.d a 
b~ of 8 memory units, and an I/O section for each of the two DDS bus sys-
tems. The DCS modules are shown interconnected with a main internal bus 
structure. It is shown in this way for comparison pux-poses with the 
redundant configuration shown in the section 4.11. 
A summary of the electrical and physical characteristics ot the complete 
system is presented in Table 4.8-6. 
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4.8.5 Re terence s 
Ret. 1 "Indepillldent Development Program, Integrated Electronic System 
Development," LM3C-A951928, May 15, 1969 
• Ret. 2 "UAC )t)dular Guidance System," Hamilton Standard, System Center, 
united Aircraft Corp., Aerospace Technology, March 25, 1968 
Table 4.8-6 
DDS AND DeS SUMMARY 
Electrical Characteristics 
DCS 
-
Memory 
St~ck access time 
Read-Restore time 
Clear-Write time 
Stack size 
Word size 
Core size 
Avg. access rate 
Avg.. operating power 
Avg. standby power 
- 350 ns 
- 1 IJifL 
- 1 \Jos 
-8xBK words 
- 32 bits 
- 20 mil OD 
- 200K Hz 
- 30 watts 
- 64 watts 
CPU 
TYPe - ~-b1t floating-point parallel processor 
Add time - 1.5!Jos (including memory access) 
M1ltiply time - 7 !JoS (including memory access) 
DDS 
-
Buses 
Type - Centralized (1000") I distributed (3000") 
!fO. - 1 command and 1 data bus each 
Data Hate (max) - BK ;'ords/sec _. 
Modules 
Basic Types - l6-channel multiplexer (used for data 
retrieval and command decoding) 
46 I discrete channel expander 
lO-bit A/D converter 
lO-bit D/A converter 
lO-bit. command protect module 
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Table 4.8-6 (Continued) 
Physical Characteristics 
Weight/Unit 
(lb) 
DCS 102 
Distributed Bus Modules 56 
Distributed Cable ABay 43·3 
Centralized Bus MOdules 40.5 
Centralized Cable ABay 15·2 
Power Unit 10 
Totals 277 
Pavel" 
(watts) 
161 
109 
-
70 
-
.zr 
367 
ueC-A959837 
Vol. III 
Volume 
(in3) 
-
1400 
123 
450 
91 
150 
120 
-
2334 
Note: DDS cable requirements determined tor 1900" vehicle, 
converted to 1500" with 0.8 mult. factor. 
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A preliminary study has been conducted to identify the required computer 
software programs, to investigate the relationship between the level of 
vehicle subsystem integratio,n, and to describe the total software task '. 
The classes of onboard computational functions have been defined and 
estimates have been presented for the follOWing softvare: malfunction 
detection and warning, operational support, interface control, computation, 
and executive. 
Three organizations of the vehicle computation equipment are configured to 
correspond with the three IES alternatives discussed in the preceding 
sections. A basic summary of the nUIriber of words required for each of the 
three alternatives is shown in Table 4.9-1. These estimates are based 
on the assumption that there will be no integration of functions. Only 
those requirements that pertain directly to tbe particular alternatives 
are shown. 
Table 4.9-1 
ESTIMATED VEHICLE FUNCTION PROGRAM SIZE ESTIMATES 
(In 10oo's of 32-Bit Words) 
IES Alternative 
Program 1 2 
i 
Crew station 27 27 
Malfunction detection 
and warning 16 , 16 
Operations support 134 134 
Interface control 
* 
2 
i 
Configuration control , 
i I 
and sequencing 
* 
! 
-It 
i, i 
structure/mechanical i I it-
* I i i I I 
Propulsion 
* 
i 
* I I 
Electrical pO'"Ner. 
* 
I 
'* 
Environmental control 
* * 
Guidance/n~vigation 
* * 
Vehicle control 
* * 
Totals 177 179 
~ ... 
3 
27 
16 
134 
2 
32 
6 
4 
4 
, 2 
35 
19 
281 
*Mechani,zation of' these functions is allocated to the appropriate subsystems. 
4-135 
LOCKHEED MISSILES Be SPACE COMPANY 
II 
~" ,} 
.~ 
,~ 
N' 
" 
",f,',' >i : 
i ' 
" 
, ' , 
..... 1., 
l 
, ' 
/ 
4~9.,.1 Malfunction D.etection and Warning 
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The malfunction detection programs' will monitor signals from vehicle compon-
ents, perform tests on these measurements, record selected test results, and 
inform the crew of defective components. Both malfunctions and engineering 
and trend data will be recorded. 
The warning programs will monitor and test critical measurements, monitor 
the behavior of the vehicle to verify that the flight plan is being satisfied 
(to detect errors that may occur despite the proper operation of all vehicle 
functions), inform the crew of conditions that are or could became dangerous 
(such as ~ailure or excessive loss or redundancy in a critical function or 
significant deviation from flight plan), and invoke execution of operations 
support programs to modify flight plans ~hen an abort is necessary. 
The MADAR system provides conc~ptsand techniques that will be applicable 
to the Space Shuttle. 'Two. varieties of onboard software are associated with 
MADAR and will also comprise most of the malfunction detection and warning 
softWare: test interpreter and supervisor, which monitors and tests according 
to encoded test programs and maintains smooth transition between test 
programs; and test programs that are the encoded versions of the logic 
prograa~ m~itten by engineers. 
An estimated 1500 vehicle components with approXimately 2000 test points 
are expected to be monitored by the malfunction detection program. The 
warning program will be concerned with about 10 percent as many test points. 
4.9.2 Operations Support 
The onboard operations support function includes the following: flight 
plWl (calculations of parameters for the computations of the computing 
subsystems and preparation of instructions to the crew); reconfiguration 
ofth~ Space Shuttle subsystems in the event of a component failure (turning 
off a malfunctioning component and switching in a backup); prelaunch 
checkout (miilimum testing of vehicle components and subsystems to 
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confirm flight readiness), and countdown, including fuel,ling. The initial 
flight planning will be performed by an oftboard system; the onboard 
system must be able to make in-flight adjustments to f11.ght plans for 
mission abort. 
4.9.3 Interface Control 
The subsystem interface control and coordination functicm consists of 
routing intravehicle messages, reformatting messages, pE~rforming simple 
computations on messages, and generating trigger signal'J to subsystems. 
The last two aspects of the interface function are concI:!rned with 
coordination of subsystems and may be performed by subsystems themselves. 
4.9.4 Computation 
The 'computation function consists of computing tasks specific to particu-
lar subsystems. if}}ere are seven "computing subsystems": crew station, 
struc'ture/mechanical, propulsion, electrical power, environment control, 
guidance/navigation, and vehicle control. 
Crew station (display and control) computation consists of formatting 
information for presentation to the crew, coordinating and maintaining 
displays, interpreting messages from the crew, and transmitting crew-
provided information to appropriate subsystems. 
The other subsystems monitor sensors attached to physical components 
(for control purposes, not for malfunction or danger detec~ion), 
compute types and magnitudes of control stimuli required to maintain 
control of the subsystem and to satisty the flight plan, and generate 
control signals to components. In Alternatives 1 and 2, many of the 
subsystem computations will be performed by specialized equipment; in 
Alternative 3, they will be performed by the central computation system. 
I 
4.9.;'5 Configuration Control and Sequencing 
The configuration control and sequencing function will switch operational 
modes of subsystems and components and will monitor and control subsystems 
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and components as necessary to ensure that proper timing relationships 
are preserved. 
4.9.6 Executive 
Executi ve software ordinari.ly refers to the set of programs of the follow-
ing types: subtasks of many of the computer tasks; routines for accounting, 
failure detection and recovery, intel~rogram commun:1cation, program 
initiation, and schedule of execution of programs; and interrupt handler. 
The common subtasks are program components. Accounting activities are 
also built into the task programs. Reliability considerations have not 
been included in the study. 
Interrupt handling involves acknowledgement of the high-priority communi-
c~tions from outside the computer and scheduling the execution of 
appropriate task programs. The amount of interrupt handling program not 
included in task programs or the scheduling program is on the order of 
20 to 100 words. Interprogram communication may involve 50 to 200 words 
o~ instructions and an amount of message storage that depends on the mes-
sages, the queuing techniques, and the number of communicating programs. 
Interrupt handling and interprogram communication, including message buffers, 
will add approximately 10 percent to the sizes of the executive systems, . 
but they should not exceed 1000 words nor be smaller that 300 words. 
Program initiation is the process of locating the program to be executed 
next, loading it into the computer's high-speed memory (if it is not a1-
re,ady there) 1 notity1ng the program of the computer resources it may use, 
~d transferring control of the computer 'to the program. These tasks 
are carried out under the direction of the scheduler or the resource allo-
ca;tion program. If the computer has sufficient high-speed memory to store 
all its task programs, the loading function of program initiation can be 
oud tted. Otherwise, peripheral storage must be provided; this will 
increase the complexity ot the schedaler and program characteristics. 
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The scheduler has responsibility for preventing conflicts among programs; 
for example, assuring that one program will not use for data storage a 
portion of memory in which another program is stored. Much of the schedul-
~ 
ing of program execution will be done before flight by the offboard flight 
planning program. The executive software must be able to modify the 
predetermined schedules when such unpredictable situations as malfunction 
of a vehicle component or request from the crew occur. 
The scheduler and program initiator require relatively large amounts of 
data storage in order to save information about the computer's programs 
and the schedules provided by the flight planning programs. These two 
components of the executive software, taken together, are sensitive to 
machine design and configuration. In the absence of fairly detailed 
specifications of the computers, high precision is not possible in size 
estimates for scheduling and program initiation. 
Table 4.9-2 summarizes the relations!hips between executive software size 
and main memory and task program size. These relationships form the basis 
for the executive software estimates. 
4.9.7 Alternative 1 
The first candidate organization of vehicle computation uses separate 
computing machinery for each of the computing subsystems. In this 
configuration, the interface control function is performed by hardware 
associated with the data paths; there is no software involve~snt with inter-
face control. 
Many of the computational tasks "may incorporate subtasks common to other 
tasks. These will inclu.de such processes as matrix arithmetic, input and 
output of data, formattirig of messages, and transcendental function c omput a-
tions. These common subtasks will be programmed as subroutines; then, when 
two or more programs using the same subtask are executed by the same computer, 
only one copy of the subtask program need be stored in the computer's 
melJlory. The result is an economy of memory. On the basis of experience 
with large software projects "~ 10 to 25 percent decrease in total program. 
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Table 4.9-2 
EXECUTIVE SOFTWARE 
Program Initiator 
Loader 
Other 
Scheduler 
Tables 
With peripheral store 
(ProgrwD initiator re.quires loader) 
Without peripheral store 
Computer system resources 
Schedules 
Program characteristics 
With peripheral store 
Withoutperiphe~al store 
400 
200 
600 
400 
1% 
2% 
5% 
4% 
LMSC-A959837 
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Interrupt handling and interprogram communication (including tables): 
10 percent of executive size (excluding these functions), but not 
less than 300 words or more than 1000 words. 
*Program sizes in words; computer system resources table size in percent 
of main memory; other table sizes in percent of program words (excluding 
executive) • . .. 
(Word length = 32 bits) 
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size may reasonably be expected as the programs are merged into a single 
computer. 
In the first configuration, malfunction detection and warning plus operations 
support are combined in a single computer. A 10 percent size reduction is 
applied to this merger. 
Table 4.9-3 presents estimates of program and memory sizes for each of the 
computers of Alternative 1. 
4.9.8 Alternati'''e 2 
The second organization uses separate computing machines for most of the 
subsystem computations. However,the interface control and crew station 
computations are merged with operations support and malfunction detection 
and warning. Each subsystem now communicates only with the enhanced central 
subsystem; the number of intersubsystem data paths is reduced significantly. 
Moreover, as was discussed in the previous section, combining functions in 
a single computer produces additional program size savings. 
The summary of the !size estimatl9s for the computers of Alternative 2 is 
shown in Table 4.9-3. In this table, a 10 percent size decrease is applied 
to the interface control and crew station estimates. 
4.9.9 Alternative 3 
The third organization of subsystem computing machinery is the configuration 
in which one control computer handles all computation for all sUbsystems. 
Integration of configuration control and sequencing the six subsystems into 
the central computer results in a 10 to 25 percent saving in those functions. 
A 10 percent saving is reflected in the estimates of Tahle 4.9-3. 
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Table 4.9-3 
ESTIMATED NUMBERS OF WORDS REQUIRED* 
--
Alternative 1 Alternative 2 Alternative 3 
Program Total Computer Total Computer Total Computer 
Prog Exec Soft Mem Reqd Frog Exec Soft Mem Reqd Prog Exec Soft Mem Reqd 
Crew station "' -27 4 31 16 X 24 24 
Malfunction detec- .. 
tion and warning 14 14 14 
Operations support 121 121 121 
<-
_c .~ 135 12 147 32 X 
Interface control **2 1 3 4 2 2 
-~ -~,~---~ 
161 14 175 48 X 
Configuration "' 
control and 
sequencing 
Structure/ 
32 4 36 16 **32 4 36 16 29 
mechanical 6 1 7 ' 8 6 1 7 8 t:::. ~ 
Propulsion 4 1 5 8 4 1 5 8 4 
Electrical power 4 1 5 8 4 1 5 8 4 
Environmental 
control 2 1 3 4 2 1 3 4 2 
Guidance/navigation 35 4 39 16 35 4 39 16 31 
Vehicle control 19 4 23 8 19 4 23 8 17 
104 17 121 72 102 16 118 ' 68 253 21 274 64 X 
Totals 266 33 299 120 263 30 293 116 253 21 274 64 
-- -
*Word length, 32 bits - numbers in thousands of words. 
**Mechanization of functions listed on this and lower lines is allocated to the appropriate subsystems. 
The estimates given would apply if each function were implemented in a dedicated programmable digital 
computer. Though this will not be the case for Alternatives 1 and 2, the estimates for these imagina~ 
computers are presented in order to place the three alternatives in perspective. 
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The size totals from Table 4.9-3 point out two advantages of increasing 
the degree of integration: the total amount of programming for onboard 
tasks decreases (this also results in a smaller memory requirement); and 
the ratio of required main memory to peripheral memory decreases. These 
two conclusions are valid, however, only if each of the functions listed 
is performed by a dedicated programmable digital computer. This will be 
true only for Alternative 3, as the majority of functions are assigned to 
the individual subsystems for Alternatives 1 and 2. 
Table 4.9-4 sl.lIlll!ll8.rizes the program and memory requirements 1"or the three 
configurations, taking into account only those functions that will contribute 
to the actual software task. Alternative 3 involves a greater software 
effort than does either of the other configurations; however, this disadvan-
tage is compensated by the significantly smaller amount of special-purpose 
hardware that will be required in this configuration. 
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Table 4.9-4 
SUMMARY OF ON-BOARD SOFI'WARE 
(Size Estimates in 1000lS of 32-Bit Words) 
Alternative 
1 2 
Program 
Task (subsystem) 162 161 
Executive 16 14 
Totals 178 175 
Memory 
Main (high-speed) 48 48 
Peripheral (low-speed) 130 127 
Totals 178 175 
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Table 4.9-4 demonstrates that, in the case of soft'W'are memory requirements, 
the sum of the parts is never greater than the whole, and may be much less. 
Two aspects of integrating bear on this: merging progrf~ obviates duplica-
tion of common subroutines, and merging (;omputers decreases the number of 
executive systems. Moreover, the number of in~tructions in an executive 
program depends on the complexity of the system. Only the sizes of the 
executive's tables varies with task program sizes and numbers. Therefore, 
the size of the executive relative to task program size decreases with 
integration. 
The impact of the requirement for high reliability of the subsystems compu-
tations on the software is not as easy to assess as is the impact of the basic 
functional requirements. Reliability constraints will dictate duplicate 
or triplicate storage of critical programs; however, probable impact of this 
requirement on the software may be alleviated by integration. 
The difficulty in predi0ting the impact of reliability requirements, then, 
is related primarily to the modifications and additions to the executive 
softwar,e required to detect, diagnose, and overcome failures. This software 
will be closely tied to the organization and physical characteristics of the 
computing hardware and, therefore, may no:!: be discussed specifically until 
the computing hardware is clearly defined. 
4.9.12 Offboard Software 
The onboa~d software contains no facilities for preparing programs or for 
nQnoperational testing of programs. The onboard computing machinery will be 
designed and constructed to best serve the onboard computing requirements, 
whereas the program preparation and validation functions will require facilities 
distinct from those required onboard( for example , high-speed line printers)" 
It is suggested that al~program preparation and validation be performed by 
a ground-based, large~scale, general-purpose computer. This offboard 
supporting system. will be selected for- its efficiency of oper~tion, convenience 
of use, and ac(~;~;ssibility to programmers. 
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The major components of the supporting system software are as follows: 
• Test program translator, which will translate programs written for 
malfunction detection and warning monitoring into a form suitable for 
interpretation by the onboard test program interpreter 
• Test program environment simulator, which will simulate those aspects of 
the Space Shuttle of interest to the test programs and interpret test 
.. 
programs to permit debugging in the offboard computer 
• Language translator, which will translate the task programming language 
into the language of the onboard computer (Alternative 3 is assumed 
here; if several different computers are used onboard, several different 
translators will be required.) 
• Onboard processor simulator, which will simulate the onboard processor 
to permit offboard debugging of onboard programs (Use of different 
onboard processors will necessitate two or more of these simulators.) 
• Program execution scheduler, which will translate onboard processing 
requirements generated by the offboard flight planner into detailed 
frchedules of execution of onboard programs and allocations of resources 
to them 
Estimates of the sizes for each of these five programs are presented in 
Table 4.9-5. The program all make use of well-known programming techniques. 
-The development of the translators requires the definition of languages. 
The dev&lopment of the simulators should, (and the estimates do) include 
design of facilities to aid programmers in debugging. 
- ,~-
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Test program software 
Translator 
Table 4.9-5 
OFFBOARD SOFTWARE 
Environment simulator 
Programming language translator 
Onboard processor simulator 
Scheduler 
LMSC-A959837 
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Program 
Size 
(words) 
15,000 
10,000 
15,000 
10,000 
15,000 
In view of the high cost of programming, it is important that the programmer's 
task be made as easy as possible. For this reason, debugging aids are impor-
tant parts of the simulators, and program analysis facilities are important 
in the translators. Moreover, the programming language used for writing 
the onboard programs should permit the greatest possible ease, conciseness, 
and clarity in the expression of computing processes. This will beneficially 
affect the costs of training programmers, writing programs, and preparing 
documentation. 
These c,onstraints on the programming language dictate that a high-level 
compiler language, strongly application-oriented, be us~.d. Some programs, 
particularly those comprising the executive software ,and the test program 
interpreter, require that the programmer maintain control of the machine 
at a very intimate, hardware-oriented, level. Therefore, the flexibility 
provided by low-level assembly languages must be provided by the high-level 
compiler language translator. 
The language-translat0rand onboard-processor-simulator programs provide 
another reason for favoring integration of onboard computing or, at least, 
using similar processors in all computipg subsystems: one translator and 
. - ~ 
one simulator are required for each type of onboard processor. Alt~rnatively, 
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this could be taken as an argument against use of a supporting system different 
from the onboard computers. In this case, though, the simulators are no 
longer needed; one language translator is still required for each onboard 
computer. 
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This section presents a comparison of the three alternative integrated 
electronics system configurations, which are described in sections 4.6, 
4.7, and 4 .. 8. The IES alternatives were intentionally implemented for a 
nonredundant set of avionics, in accordance with the study scope; this fact 
should be kept in mind while 'viewing the comparison, since a direct extrapolation 
of results to the case elf a redundantly configured set of avionics may not 
always be possible. 
4.10.1 Weight 
The weight of avionics equipment allocated to each subsystem is presented in 
Table 4.10.1-1 for the three lES alternatives. The subsystems are grouped 
to permit subtotaling of avionics weights that would normally be allocated 
to avionics subsystems and those that would be allocated to nonavionic 
subsystems. Decreased cable weight accounts for most of the weight decrement 
from Alternative 1 to Alternative 2. Additional weight savings are possible 
in Alte~lative 3, primarily because of the elimination of subsystem computers. 
A more detailed breekout of weights for the data management subsystem is 
provided in Table }~.10.1-2. Note that the term "Data Management" is 
expanded to mean the central computer complex for Alternative 3. 
4.10.2 Power 
The comparison of power reqUirements in Table 4.10.1-1 and Table 4.10.1-2 is 
based on the power dissipation of each piece of equipment and does not reflect 
p~ak power cons:wnption, average power consumption, or powe·r duty cycle. 
The increase of power for Alternative 2 is assignable to data acquisition units, 
~hereas the net decrease of power for Alternative 3 is due to elimination of 
subsystem computers outside of data management. 
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PRECEDING PAGE BLANK NOT FILMED. TABLE 4.10.1-1 
AVIONICS SUMMARY 
Weight (lbs) 
Alternative 1 Alternative 2 Alternat' 
Subsystem Baseline Avionics ( Increments) (Incremer 
Basic Cabling Instr. Total Basic Cabling Instr Total Basic Cabling -, Equipmt ~quipmt H:quipmi • 
1. S true t 11 r I3/mr::, :_~ nanical 157 1.JO 160 !~17 0 -100 0 ·-100 . ·~.c)9 ·~lOO 
2. Propu1:3ion 1+0 1.1.00 200 6)+0 0 -400 0 -J..~OO ·-8 -1.1.00 
3. Electrical power 565 3504 50 hl19 0 0 0 0 0 0 
4. Environmental control 0 20 50 70 0 -20 0 -20 0 -20 
Subtotals 762 h024 460 5246 0 -520 0 -520 -67 -520 
5. Guidance/Navigation 179 29 5 213 0 -29 0 -29 -35 -29 
6. Vehicle control 71 200 50 321 0 -200 0 ··200 : -4 -200 
7. Communications 67 50 10 127 0 -5 0 ·-5 -4 ·-5 
8. Contro13 and displays 393 20 5 418 -60 -20 0 ··80 -105 ... 20 
9. Data ina}l :l.gr3:ilGJ.l t, 375 228 5 608 ·-30 ·-208 0 ·-238 ,..,s -, '1') '~.)I .... L " 
, i . , 
Subtotals 1085 r.J ?7 ) ... 7.5 1687 -90 -}.j.62 0 5' •. 52 -206 -}.j.24 
Basic l-Jeight .1 ~ 
Grand totals 6881 
-1072 
0 No redundancies are included; totals are for a "single-thread," fully functional svst.em" ., 
0 Cabling and instrumentation weights are includ(~d in each of the five subsystems 
0 Instrumentation power dissipation is included in each of the fi ve subsystems ~ 
o 1972 SorA is used for all the equipment in the five subsystems 
o Basic weight and basic power figures are for an avionics system designed to a Itfirst" integration 
quantities are shown above (~). 
'0 The pO'W6r values shown are only for purpose of comparing the al~ernatives of design integration. 
"on" simultaneously, as might be interred from the tabulations. 
FOLDOUT FRAME f' 
).1-1 
3UMMARY 
Alternative 3 
(Increments) 
lBasic pabling Instr. Total quipmt • 
·-.~9 ·-100 0 ···159 
·-8 ·-'400 0 ··}.j.o8 
0 0 0 0 
0 -20 0 -20 
-67 -520 0 ·-587 
--35 -29 0 -64 
-4 -200 0 -20}.j. 
-4 ·-5 0 ·-9 
-105 -20 0 -125 
1"'8 
'-)1 ; ., '7') ,. L '\ 0 -228 
, 
-206 : ·-1.j.2!.j. 0 .. 630 
~ 
-1211 
vs-tem" 
st" integration alternative; 
fl integration. They do not 
. 
Alternative 1 
Baseline Avionics 
Basic Instr. Total Equipmt. 
260 1,1)0 )~.10 
,380 180 .560 
615 ho 655 
0 40 }.j.0 
1255 410 1665 
485 4 489 
368 40 J.~08 
).j.?3 8 481 
752 4 756 
4h3 \ I .. ~ h47 
2521 60 2581 
Basic power '. ; 
, 
l 
424·6 
Po-wer (watts) 
Alternative 2 
( Increments 
Basic Instr. Total Equipmt • 
D 0 0 
0 0 0 
0 o· 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
-30 0 -30 
+80 0 +80 
"50 0 '+50 
.~ 
+.50 
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Alternative 3 
(Increments) 
Basic Instr. Total Equipmt. 
-115 0 -115 
-60 0 -60 
0 0 0 
0 0 0 
-175 0 -175 
-112 0 -112 
-14 0 -14 
0 0 0 
-70 0 -70 
+79 0 +79 
-.--
-117 0 ... 117 
~ 
-292 
i for Alternatives 2 and 3, the incremental dif.ferences from the basic 
.\ 
represent true po~~r d*ty cycles nor would all of the packages ever ~e 
t 
J ~1 
FOLDOlJr FRAME (J'. 
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TABLE 4.10.1-2 
DATA MANAGEMENT SUMMARY 
Weight (lb) 
Alternative 1 Alternative 2 
Equipment 
Basic Cabling Instr. Total Basic Cabling Instr. Total Basic Equip. Equip. Equip. 
Delta Storage 53 0 0 
Data Processor 22 0 +80 
Control group interface 35 0 -35 
Interlocking C/O control unit 16 0 0 
Program update unit 8 0 0 
Interface comparator l5x(3) 0 -45 
i 
Signal acquisition unit 5x(33) '" -30 -58 
Mass data storage 31 0 0 
Subtotal 375 -30 -58 
Cabling 228 -208 
Instrumentation 5 0 
Total 608 
-238 I 
FOLDOUT FRAM E ( 
!'1MARY 
Alternative 3 
[tal Basic Cabling Instr. Total Equip. 
0 
+80 
-35 
0 
0 
-45 
-58 
0 
-58 
-170 
0 
~38 -228 
! 
: 
Power (watts) 
Alternative 1 Alternative 2 
Basic Instr. 'Ilotal Basic Instr. Total Equip. Equip. 
30 0 
70 0 
90 0 
65 0 
20 0 
l5x(3) 0 
2.5x(33) +80 
40 
, 
1 0 ! 
: 
443 +80 
~; 
4 i 0 ! 
~ i 
f )447 +80 
I 
I 
! 
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I 
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Alternative 
Basic Instr. Equip. 
0 
+91 
-90 
0 
0 
-45 
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4.10.3 Reliability 
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No quantitative comparison was made for reliability, but some observations 
may be stated. First, the decrease in cabling, connectors 1 and number of 
pin connections for Alternatives 2 and 3 will improve their reliability over 
that of Alternative 1. Second, for redundantly configured systems, Alternative 
3 will have the advantage of being able to employ soft'tli'are to restructure 
the processor-memory grouping or the avionics equipment interconnec'tions, 
making possible graceful degradation through assigned priority of functions 
and stored information. 
4.10.4 Technical Risk 
A scale of technical risk may be defined to extend from "use off-the-shelf 
hardware, " to ''modify existing designs," to "perform new design," and to "develo,p 
new technology." The technical risk for Alternative 1 is lea.st, since the 
technique and the hardware for onboard checkout and fault isolation have been 
demonstrated. ProviSion of autonomous vehicle capability, however, falls 
into the category of new design. Alternative 2 is similar in concept to a 
system design proposed and about to be implemented for the S3A aircraft and 
its extensive aviOnics equipment. Some elements of the system have been 
demonstrated and, by 1972, experience with the complete system should exist. 
Alternative 3 will require the development of some complex software, in 
addition, the centralized control of all subsystems will require careful 
design to isolate a component catastrophic failure from the remainder of the 
syertem. Alternative 3 presents the greatest technical risk. Electronics 
component technology will be sufficient to support the system design of any 
of iehe three alternatives and, by itself, does not constitute a sj.gnificant 
technical risk: .• 
4.10.5 Sensitivity Of Point Design 
Sensitivity of a system design to modified requirements Or to additional 
requirements is significant for a long-term program. Alternative 3 has a 100 
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percent margin of computer instruction rate capability (taking 1972 capability 
to mean a 1 microsecond cycle time) and will be limited only by software in 
its ability to accommodate new requirements. Also, spare memory capacity 
of a central computer complex may be allocated to anyone of the subsystem 
functions as required. Both Alternatives 2 and 3 employ standard interfaces 
and multiplexed bus designs; also the present data rates are not high, so 
that the addition of equipment or the changed deSign of equipment can be 
accommodated. Alternative 1 is least flexible due to the extensive use of 
cabling, analog signal transmission, and nonstandard interfaces among 
subsystems and major components other than for test pOint access. 
.4.10.6 Data Acquisition/Distribution 
Alternative 1 makes use of nonstandard interfaces for hard-wired inter-
connections, is most susceptible to EMI/noise based upon the number of lines 
and analog signal transmission, and has the lowest total data rate require-
ment. Alternatives 2 and 3 make use of clocked, digital-data transfer at 
about 200 K bits/second across standard interfaces. The technique of 
Alternative 2 requires only a two-wire bus, whereas Alternative 3 employs 
a l2-wire cable. 
4.10.7 Data Processing 
Alternative 3 requires an instruction rate of 419,000 instructions per 
second; the maximum rates for Alternatives 1 and 2 occur in the guidance/ 
navigation/control computer and are 75,000 instructions/second. The con-
figuration control function for Alternative 2 is distributed throughout 
(in subsystem controllers) 1 9Jld the rater; are low. Storage requirements 
for each alternative are bulk, delta, program up-date, and main memory 
(total storage is 274,000 words). Only the main memory requirement varies 
as a function of the approach. On-line storage for Alternative 3 has been 
established at 64,000 words with Alternatives 1 and 2 about 6 percent higher 
(68,000 words). Alternative 2 requires 1,000 more words of storage (interface 
control) than AlternatIve l~ However, this quantity is included in the 32,000 
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words allocated for the data management function. 
4.10.8 Subsystem Interface Definition 
LMSC-A959837 
Vol. III 
Subsystem interfaces are well-defined for both Alternatives 1 and 2. For 
the latter, a system interface specification will control all ''box'' 
suppliers, and all subsyste'ms to use the standard interfaces will be defined 
in the Specification. For Alternative 3, a new group of interfaces must be 
defined wherever the integrated system extends into the normally defined 
subsystem areas. Problems of establishing revised organizations to work 
within the framework of revised subsystem interfaces must be resolved. 
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4.11 RELIABILITY/SAFmrY BEQUI~S IMPACT 
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Rather than perform a complete reliability/safety failure medes analysis for 
each subsystem, reconfigure each subsystem to meet the reliability/safety 
requirements, Elnd integrate the redundant subsystems, Only two examples were 
investigated to obtain an indication of the impact on weight and power of 
these requiremEmts. The basis for this decision lies in the limited scope 
of the .YES study. The two examples selected were the communicatioJrls subsystem 
and the guid,anc:e, naviga.tion, and control subsystem. 
4.11.1 Communications Subsystem (Figs. 4.11-1 and 4.11-2) 
The basic subsystem includes some functional redundancy; therefore, triple 
or quadruple redundancy is not required to satisfy the reliability/safety 
requirement. For example, Intercoms 1 and 2 are required by the basic system 
and would therefore be considered fail operational. To meet the requirement 
of fail operational-fail operational-fail safe, internnl redundancy to inter-
coms J. and 2 will be used as defined by the reliability medel in Fig. 4.11.1-1. 
The weights summarized in Table 4.11-1, 4.11-2, and 4.11-3 are based on this 
approach and are established by taking percentages of the base weight. It 
is also assumed that the premed/ demed is internally redundant. 
Table 4.11-1 
SUMMAlttY - CQ.1MUNICATIONS SUBSl}3TEM 
RELIABILITY IMPACT OF ADDITIONAL WEIGHT AND POWER -
C<J.iMUNICATIONS SUBSYSTai 
Additional Equipment 
Intercoms 1 and 2 
Premed/demed 
Transmitters/receivers 
Antennas 
Total increment 
Additional Weight (lbl 
3.0 
4.0 
22.0 
2.5 
31.5 
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11 : 1 
Baseline 
Additional 
Total 
Weight (lb) 
67 
31.5 
98.5 
Table 4.11-2 
J.JASC/A959837 
Vol. III 
Power (watts) 
473 
9 
482 
RELIABILITY IMPACT - ADDITIONAL WEIGHT, POWER 
COMMUNICATIONS - TRANSMIT FUNCTION 
Additional 
Equipment 
Intercom 1 
Transmit switch 
Amplifier 
Intercom 2 
Premod/demod 
Subcarrier mod 
Mixer 
Transmitter/receiver 
Ku transmitter 
Power amp 
Antennas 
Total increment 
.Addi tional Weight 
(lb) 
1.0 
2 
10 
Additional Power 
(watts) 
2 
1 
1 
(Included in Table 4.11-1) 
13.5 4 
*Not considered additional, since only one is required at a time. 
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RELIABILITY - ADDITIONAL WEIGHT AND POWER IMPACT 
C<»ruNICATIONS - ~EIVE FUNCTION 
Additional Equipment - Receive 
Intercom 1 critica~ subsections 
a. Amp 2 
b. K-band receiver 
Intercan 2 
X-band receiver, switch 
Premod/demod critical subsections 
Audio subcarrier discriminator 
Data subcarrier discriminator 
UHF transceiver 
UHF antenna. 
S-band switch (2) 
Total increment 
Additional 
Weight (lb) 
1.0 
1 
1 
12 
1.5 
1.0 
18 
Additional Power 
(Watts) 
2 
1 
1 
1 
(250)* 
0 
0 
5 
* Not considered additional, since only this or the baseline will be re-
quired at one time. 
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1; .• 11.2 Guidance, Navigation, and Control Subsystem 
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Vol.III 
:r.1able 4.11-4 presents a summary of the additional weight and power required 
to satisfy the reliability criteria of fail operational-fail operational-
fail safe for electronic equipment, and fail operational-fail safe for non-
electronic equipment. 
The following assumptions were made to arrive at the values tabulated: 
• The reliability models are those shown in Figs. 4.11-3 
through 4.11-8. 
o To establish the power required, it was assumed that if 
more than two pieces of like equipment were required, two 
would oper~te active redundant and the remainder would be 
brought on as a failure occurred, except in the case of 
the horizon sensor and star sensor, where it was assumed 
that the primary unit could be shut down and the back-up 
brought on. 
• The additional weights for equipment that would be required 
in the control display subsystem to satisfy the reliability 
criteria for the vehicle control and guidance/navigation 
. ~ 
subsystems were not included. It was assumed that these 
additional weights would be added into the control/display 
" 
subsystem incremental weights. 
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4.12 AVIONICS COMMONALITY 
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Though not part of the basic study requirements, differences in avionics 
between vehicle configurations an~ between orbiter and booster stages were 
to be flagged as time permitted. The Stage-and-a-Half vehicle configuration 
is included here s~~ce the study was initially oriented to the orbiter of that 
configuration. 
4.12.1 Orbiter: Stage-and-a-Half, Two-Stage, Triamese 
The orbiter·avionics for the Stage-and-a-Half and Two-Stage vehicle config-
urations do not differ appreciably. This is quite reasonable since mission 
functions are the same and differences should be expected only where sub-
systems to be supported differ in their basic implementation. The Triamese 
orbiter avionics increment was not specifically tabulated but should be --
comparable to the Two-Stage orbiter avionics. 
----
The principal avionics differences in going from the Stage-and-a-Half to the 
Two-Stage orbiter configuration occur because of changes in the propulsion 
subsystem: the number of main engines changes from five to two, the number 
of fuel tanks decreases from sixteen to nine, and the number of reaction 
control thrusters increases from fourteen 400-lb thrtwters in three clusters 
to twelve lOO-lb thrusters plus eighteen each throttle able thrusters. In 
addition, landing jet engines increase from two to four. Also, the require-
ment for wing deployment drops for the Two-Stage com~iguration. 
4.12.1.1 Weight Increment. Summary of the weight increment of avionics 
equipment between One-and-a-Half-Stage and Two-Stage orbiter configurations 
are given in Table 4.12-1. The weight differences appear in equipment 
normally associated with subsystems other than data management and are not 
a function of the extent of integra.tion of avionics. 
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Table 4.12-1 
WEIGHT INCREMENT-ORBITER 
One-and-a-
Item Half-
Stage 
1.0 Structure/mechanical subsystem 
wing deployment controller------- 10 
2.0 Propulsion 
Individual engine controller-----
Landing engine controller--------
4.0 Environmental control 
5.0 Guidance/navigation 
6.0 Vehicle control 
Primary engine throttle and 
5 ea @ 4 
2 ea @ 6 
LMSC/A959837 
VOL. III 
Increment 
Two-Stage for 
I Two~tage 
o -10 
2 ea @ 4 
4 ea @ 6 
-12 
+12 
o 
o 
gimbal drive electronil::s-------- 5 ea @1.5 . 2 ea @1.5 -4.5 
Reaction control valve and 
throttle dri ver--------·-------~- 3 ea @ 10 :1 ea @ 20 +30 
7.0 Commlxnications o 
8.0 Control/display o 
9.0 Data management (SAU)----------~-­
~O.O Instrumentation 
Structure/mechan:lcal subsystem---
Propulsion subsyatem~------------
(See Sectipn 4.12.1.2) 
-10 
Total increment 
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4.12.1.2 Data Handling Reguirements. The nuniber of data points for the 
Two-Stage orbiter dee:. ses by approximately 100, as shown in Table 4.12-2. 
The number of signal acquisition units required decreases by two, for a 
weight decrement of 10 lb and a power decrement of 5 watts in the data 
acquisition portion of the data management subsystem. The impact on the 
data processing portion is insignificant. 
4.12.2 Orbiter/Booster 
No quantitative comparison of orbiter and booster avionics requirements was 
made. However, a cursory review indicates the following: 
The electrical power subsystem for the booster will use primary batteries; 
the orbiter will use fuel cells and secondary batteri.es. Unmanned capability 
for the booster will increase the communication.s data link requirements. 
Guidance, navigation, and control requirements will decrease (no orbit, 
rendezvous and docking, and deorbit phases); and the star sensor, horizon 
sensor, rendezvous radar, and pulsed radar altimeter may be deleted, with 
a weight decrement of about 54 pounds. Also, the reduced number of mission 
phases for the booster will decrease the control/display requirement. It 
is not clear, however, that the panel will be significantly different; the 
difference may be primarily in the number of display formats and in the 
number of parameters displayed on a programmable CRT. Control and sequencing 
requirements for booster propulsion will increase because of the larger 
number of rocket engines on the booster. Additional data point access for 
an increased number of engines is easy to estimate. 
The total number of test points required for the booster is expected to be 
on the order of 600 (based on subsystem level onboard checkout) versus 2000 
for the orbiter single-thread system (based on unit level onboard checkout). 
Less in-flight monitoring for maintenance purposes is considered a reasonable 
approach for the booster, since the flight times are relatively short and 
the time on the ground for booster maintenan~~ is considerably longer than 
for the orbiter. Weight savings on the booster through reduced onboard 
checkout and operations support capability should be thoroughly investigated 
and traded off with cost savings possible through orbiter/booster avionics 
commonality. 
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Main Engines 
1.0 Structure/mechanical 
2.0 Propulsion 
5.0 Guidance/navigation 
6.0 Vehicle control 
Reaction Control 
1.0 Structure/mechanical 
2.0 Propulsion 
5.0 Guidance/navigation 
6.0 Vehicle control 
~ing Engines 
1.0 Structure/mechanical 
2.0 Propulsion 
5.0 Guidance/navigation 
6.0 Vehicle control 
Wing Deployment 
1.0 Structure/mechanical 
Total increment 
Table 4.12-2 
DATA POINT INCREMENT 
One-and-a-
Half-Stage 
50 
365 
-
93 
22 
130 
29 
28 
-
40 
-
-
21 
4-174 
Two-Btage 
20 
184 
-
40 
33 
192 
32 
96 
-
80 
-
-
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Increment 
-30 
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Commonality in hardware design between the orbiter and booster elements is 
an important maintenance and checkout consideration. Commonality is probably 
more important to the autonomous onboard requirements than to the ground-
based elements of the system. 
Wherever common units can be installed in the flight vehicles, one-time 
development costs will exist for the following: 
• Signal conditioning 
• BITE design 
• Subroutine definition 
• Checkout 
• Fault isolation 
• Configuration control 
• Failure mode analysis 
• Trend data base 
• Limit definition 
• Transducer development 
The accumulative effect of a decision to maintain commonality between the 
orbiter and booster could potentially amount to 1.5 to 25 percent of the 
acquisition cost over completely differing designs. A continuing benefit 
over the life of the system is expected from reduced inventory and associated 
logistic problems. In view of airplane experiences of up to 10 to I ratios 
of operatiop~l life cost to acquisition cost, this latter consideration may 
well be the mor~ important consideration. 
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4.13 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 
4.13.1 Conclusions 
LMSC-A959B37 
Vol. III 
Weight Reduction. Significant weight savings are possible through use of 
multiplexed data buses and associated standard interfaces. A cable weight 
decrease of 982 Ib was determined in going from Alternative 1 to Alternative 
2. In addition, even more significant weight savings should be possi.ble in 
the area of power distribution cabling by careful attention to the placement 
of power sources and switches and to the control of the distributed power. 
This latter point was not treated in this study. Weight reduction through 
elimination of distributed computers is evidenced by comparison of Alter-
natives 2 and 3. 
Reliability. A redundantly configured system must be studied to assess the 
true impact of the reliability/safety requirements. 
The total data management requirement for redundantly configured subsystems 
will increase appreciably but probably by not· more than a factor of 2.5. 
Alternative 3 promises advantages in weight saving through use of software 
techniques to restructure the system on a priority basis to achieve graceful 
degradation. Software versus hardware tradeoffs were not performed in this 
study, so no conclusion may be reached as to possible weight savings. 
Technical Risk. Electronics component technology of 1972 will be sufficient 
to support an Integrated Electronics System design. Development of complex 
software for executive control of a completely centralized system would be 
required. No significant technical risk exists for Alternative 2. 
Flexibility. The use of standard multiplexed data bus and standard inter-
face designs will permit the modification of individual pieces of equipment 
serviced by the bus without impacting the rest of the system. Also, the 
addition of more equipment to be serviced by the bus is possiblej but, if 
this is anticipated during the i.ni tial design, additional storage for routines 
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should be provided. These routines could also be developed initially and. in-
corporated into the initial design. Additional flexibili.ty for incorporating 
design parameter changes exists, primarily in Alternative 3 where software 
replaces some hard-wired mechanizations. Alternative 2 could also be modi-
fied for this capability. The use of BITE restricts the flexibility to in-
corporate changes of limits or other comparison bases. 
Data Acquisition/Distribution. Interface and bus data transfer rates were not 
a problem for the avionics system studied. A redundant avionics system is 
not expected to cause a problem unless the interfaces are moved further into 
the black boxes to reduce the amount of signal processing electronics in the 
black boxes. Standard interface and standard multiplexed data bus designs 
are practical and are being demonstrated today. l~ey should represent no 
significant problem in 1972. Grouping for local control by subsystems or at 
geographical locations in the vehicle reduces the need for intercommunication 
and·consequently reduces data-rate handling requirements. 
Self-Test and Warning. A total BITE concept embodying distributed built-in 
test equipment plus centralized processing to monitor and evaluate overall 
performance is recommended. Responsibility for failure and/or status report-
ing should be assigned to the subsystem or black box. The use of prime data 
validation by a central processor that has access to all vehicle system data 
will enhance the performahce of integrity checks on individual equipment. 
Test point access requirements for abort warning are not additional to the 
basic test-point requirements, but higher sampling rates may be anticipated 
for some abort warning parameter test points. 
Commonality. The Integrated Electronics System configuration is not impacted 
by the choice of orbiter vehicle configuration. Design requirements for a 
I 
booster Integrated Electronics System will be less than for the orbiter but 
have not been evaluated in this study. 
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4.13.2 Recommendations for Further Study. A more extensive study should be 
performed for a redundantly configured set of vehicle sUbsystems. The scope 
of the integration problem studied should be expanded to include: 
• Integra ti.on of multiple functions into one blac~:. box 
• More detailed level of box definition and interface control 
re~uirements 
• Extension of data interfaces as far as possible into each box 
where signal processing electronics may be integrated 
• High data rates internal to actuator or effector closed loops 
• Digitized voice channels 
• Interface between orbiter and booster avionics and integrated 
electronics systems 
• Interface between the orbiter Integrated Electronics System and 
the payload or cargo handling equipment 
• Control of power distribution 
Configuration control and sequencing requirements for each subsystem should 
be investigated in detail. 
Software requirements for a centralized system should be established and a 
tradeoff study of software versus hardware should be performed. 
The need for dedicated displays versus the capability of programmable displays 
should be investigated. The use of dedicated wires versus multiplexed buses 
for critical display and control parameters must be evaluated. 
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Section 5 
SPECIAL SUBSONIC FLIGHI' OPERATIONS 
5.1 APPROACH AND LANDING 
5.1.1 Study Scope, Requirements,and Criteria 
IMSC/A959837 
Vol. III 
Under the approach and landing specia~ emphasis task (8c), the critical as-
pects and problems of approach and landing of the Space Shuttle have been in-
vestigated. Flight dynsmics of candidate vehicle configurations have been 
analyzed and prelimina:r.y landing patterns !md d.esign requirements established. 
Gu.:,tdance and control requirements for all weather operation have been identi-
fied and control systems for approach and landing have been investigated. 
Reoults of control simulations (perf.ormed elsewhere) have been obtainf~d and 
are applied to the LMSC vehicle. 
The requirements and criteria applied in this study were derived from various 
custcmer and contractor sources. For tb.e most part, they have not bE!en 
identified as fixed and firm, but rather are "desired characteri&tics" and 
"present opinion." This approach of .not fiJdng final requirements certainly 
seems appropriate at this early stage, and considerable effort in this task 
haa been directed toward identifying approach and landing requirements. The 
list below specifies sane of the more general requirem.ents and criteria used 
in this study. Specific requirements ere identified in the appropriate sec-
tion. 
• Horizontal landing vehicle" operating "like airliner" 
• All-w~ather autanat1c landing ays'tem, plus capability for piloted 
landirig 
• Satisfactory vehicle flying ana. handling qualities 
• Capabi.lity for one goaround 
• Land on lO,OOO-foot runway~ 
5-1 
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Described in this section are the aerodynamic and flight performance aspects 
of approa.ch and landing and tradeoffs that have led to thE~ present vehicle 
design and operational concepts. 
5.1.2.1 Approach and Landing Concepts. The desired operational require-
ments and flexibility of the Space Shuttle require that it possess m.any of 
the characteristics of airline and transport type aircraft. The following 
discussion presents the preliminary flight profile and restrictions from a 
lOO,OOO .. "foot altitude (chosen as the end of the reentry phase) to the runway 
landing. Bath flight mechanics and operational considerations Eire included. 
The operati onal requirements on approach and landing include the following: 
• Energy management for navigation and range control - The objective 
is to approach the landing field at the proper altitude, airspeed, 
and heading and to touch down on the runway at the proper location 
and velocities. 
• Precision control throughout the landing phase - This is accomp-
lished by altitude and airspeed control techniques compa.rable to 
those used in present aircraft instrument landings. 
• Starting of jet engines for landing and go-around,- The approach 
and landing profile must be designed so that a safe landing can be 
accomplished if the engines cannot be started. 
Figures 5.1-1 and 5.1-2 illustrate the present concepts on approach and 
landing dynamics. These concepts are discussed in the follOWing paragraphs, 
in which powered and unpowered landing profil~s are also presented. Guidance 
requirements and guidance systems for approach and landing are discussed in 
section 5.1.3. For the entire approach and landing phase, automatic control 
1s the primary mode, with pilot control possible at any time if desired. 
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5.1.2.2 Vehicle Chara.cteristics. Figures 5.1-3 through 5.1-6 show the per-
formance characteristics of the orbiter and booster vehicles d,iscllssed in 
this section. It should be noted that the curve of flight path angle ( ~) 
vs angle of attack (o<) is basically LID function and that the velOCity vs 
()( curve is the CL function. 
5.1.2.3 Descent. At the lOO,OOO-foot altitude, the orbiter is established 
on an unpowered maximum L/D glide at apprOximately M = 2.5. The reentry and 
approach guidance will bring the vehicle to the proper heading at the landing 
decision key pOint. The guidance, through energy management techniques, will 
also control ground track so that decision key is reached at the proper alti-
tude and airspeed. As the orbiter decelerates through M = 0.8 (a.pproxi-
mately 6o,OOO-foot altitude), glide angle is adjusted to establish a sub-
sonic glide speed somewbat higher than that for maximum Lin. This operation, 
on the front side of the LID curve, gives an inherent glide path stability 
for airspeed and range control and provides a significant energy management 
capability. For example, to lengthen range, the glide is shallowed and the 
velOCity decreased; the glide is then at a higher LID. This higher LID 
glide, which is at a lower drag level, provides the additional energy neces-
sary for the longer range. For spacecraft presently under study, velocity 
nominally would be held at M = 0.7 until a dynamic pressure (q) of 205 pSf 
(250 KlAS) is reached, at which time q would be held constant. 
Engine deployment (extension of jet engines into airstream) would be com-
manded at a 45,OOO-foot altitude, with a corresponding increase in glide 
angle to compensate for the increased drag. Engine start would be initiated 
immediately after deployment, and engines normally would be thrusting (at 
idle setting) by 35,000 feet. 
Decision key, the next sequential event, is a critical point, since, if the 
engines have not started by this time (approximately 2 minutes after deploy-
ment), the spacecrBi't is committed to an unpowered landing. The rate of 
descent is quite high, and there is not time to attempt further starts if the 
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ability to perform an unpowered (emergency) landing is to be retained. Pres-
ently, decision key has been established at a 25,OOO-foot altitude. This is 
a. conservative figure, and further analysis may show that this level can be 
lowered. Glide time from an engine start altitude of 40,000 feet down to 
25,000 feet is on the order of 90 seconds, which is more than sufficient for 
several airstart sequences. The decision key must be at a proper ground 
range to perform the unpowered landing; the nominal range to touchdown for 
present spacecraft is 6 nm. 
Figure 5.1-2 shows the spacecraft aligned with the runway at decision key; 
this requirement is not firm and other possibilities will be evaluated. For 
example , it may prove desirable to have the spacecraft aligned prior to 
decision key; or perhaps locating the decision key on a downwind or base leg 
(but still within unpowered glide range) would be preferable. With the com-
puterized energy management and descent guidance system, it appears to be 
unlikely that a. 360-degree gliding turn and high key point will be necessary. 
However, these features could be incorporated if desired. 
5.1.2.4 Powere~ Landing. The nominal powered landing profile after decision 
key is shown in Fig. 5.1-1. Basically, this profile incorporates a 360-
degree descending turn at moderate thrust levels, followed. by a stabilized 
final approach path at a 3-degree angle and 5 nm in length. (The 3-degree 
and 5 nm figures are typical of those used in present aircraft instrument 
landings. Detailed analysis of this phase may result in modification of 
these values.) The final approach, landing flare, and touchdown follow 
standard large aircraft practice, wherein the specific constraints appro-
priate to large lifting-body spacecraft are observed. 
At decision key, airspeed is reduced to a.pprox1mately 210 KIA13 by shallowing 
the glide. This airspeed will be chosen to enable modest radius turns while 
still providing sufficient load factor capability for turns and mBlleuvering. 
A moderate turn is initiated with the angle of attack near the L/D maximum 
point. Airspe~d is maintained at 210 knots until near the end of the turn, 
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at which time it is reduced to the final approach speed of 188 KlAS. Engine 
thrust is modulated throughout to provide an optimum altitude-time history and 
to meet the required conditions at rollout onto final approach. The point at 
which the 360-degree turn is concluded and the final approach is established 
is canparable to the present lIS outer marker. The aircraft is now config-
ured for landing (landing gear extended, etc~) and established on the glide-
slope at the proper airspeed. 
Figure 5.1-7 shows the final approach and touchdown profile. On final ap-
proach, the vehicle is steered and thrust is controlled so as to correct for 
position and velOCity errors and to correct for winds and turbulence. A 
standard flare maneuver reduces vertical speed to that acceptable for touch-
down. Thrust is reduced to idl.e just prior to touchdown, and touchdown is at 
l60K, with angle of atta.ck slightly below the maximum usable CL pOint. The 
derivation of approach and touchdown speeds is presented in 5.1.2.7, and roll-
out distances and T.'Wl'Way length requirements are discussed in Section 5.1.2.8. 
5.1.2.5 Unp~~ered Landing. The effect of failure of the jet engines to de-
ploy or start is a significant failure mode. To perform a successful landing 
in the ~v'ent of such failure requires the capability to land unpowered fran 
the Donnal reentry and descent. To implement this capability, a decision key 
point has been defined. As described earlier, if the engines have not started 
at decision key, an unpowered landing will be performed. Automatic control 
is again the primary mode for flight control; however, the landing still can 
be perfonned by the pilot as is now done with X-15, HL-10, and ather low Lin 
vehicles. 
The unpowered landing approach follows closely the a.pproaches successfully 
demonstrated on the X-l5 and b~fting bodies at NASA-FRC. An unpowered glide 
at 250 KlAS had been established prior to reaching decision key. After de-
cision key, 240 knots airspeed will naninally be maintained down to the flare. 
This airspeed is on the "front side of the LID curve," which provides a stable 
energy management regime as previously describ·ed. 
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Figure 5.1-8 shows a typical profile for spacecraft presently under study. 
The profile has been d.eveloped by canputer simula,tion of the landing trajec-
tory $ integrated backYlards in time from touchdown through float and flare to 
the approach glide. As established in Section 5.1.2.7, touchdown speed is 
slightly higher than for unpowered landing to provide an energy margin to 
avoid undershoot. The detail dynamics of unpowered landing have been dis-
cussed extensively in the open literature, primarily in cDnnection with the 
X-15 and liftj.ng body tes~lis. The treatment here follows the standard ap-
proach l,lith the addition lof a slight flare just prior to tClUchdown to es-
tablis,h the touchdown ratlE! of descent" Figures 5.1-9 and 5.1-10 show the 
effect on the profile of '~arying float time and flare g loading in the 
unpowered approach. 
It is believed that a large lifting body, such as the Space Shuttle, can be 
lande~ successfully without power by USing the technique described above. 
Further investigations (including fli,ght tests with low Lin aircraf't) are 
recommended to increase confidence in the sa£ety of unpowered landing. 
5.1.2.6 Booster LandinS. The preceding discussion is specifically oriented 
toward an orbiter vehicle returning from orbit. The booster (both Two-Stage 
and Triamese) will necessarily be approaching with engines already started 
and consequently will not re~aire the unpowered landing approach pattern of 
the orb:lter. Accordingly, 'the concepts of a decision key and rigid glide 
control are not required. It is an.ticipated tha.t booster approach and land-
ing will be similar to that in standard IFR sircra.it prac1~ice. Approa.ch re-
quirements will be integrated with cruiseback requirements to develop an 
optimum booster return profile. Booster landing is simill9X to the spacecraft 
powered landing previously described, although the more favorable booster 
aerodynamics (lower wing loading, better stability, etc.) will probably ease 
control requirements • 
Figure 5.1-11 shows typical booster landing profiles. These profiles are 
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based upon Two-Stage booster aerodynamics. Aerodynamics fmr a Triamese 
booster were not available for this analysis; however, it if3 believed that 
they will be similar to the Two-Stage and will define essen'tially the same 
landing profiles. 
5.1.2.7 Touchdown and Appr~.ch Speed Criteria,. Touchdown and approach 
speeds used in the preceding paragra.phs have been established according to 
published criteria for landing speeds. For touchdown, the criteria are 
those contained in the NASA Spa.ce Shuttle Task Group Report Volume II - De-
sired Systems Characteristics (June 12, 1969 revision). J~or approach, the 
criteria contained in Federal Aviation Regulation, Part 25, have been used. 
Touchdown and approach speeds for the present vehicles and the associated 
a.erodynamic parameters are presented in Table 5.1-1. 
Table 5.1-1 
SUMMARY OF LANDING AND APPROACH SPEEDS 
Wing Loading (W) 
S 
Maximum usable 0<. and 0L 
Constraining Factor on ~ and CL 
Min V [ VMin = Jf~ c ~] 
Powered Appr')ach 1M 
Booster (2 Stege) 
32 psf 
14°/ .66 
Landing gear 
length 
117 K 
Nominal touchdown 
(NASA criteria) [ VTD = 1.1 VMin] 128 K 
13° 0<. at touchdown 
Nominal approach 
(FAR criteria) 
eX on approach 
[ V = 1.3 VMi ]149 K app ., n 
9°' 
Orbiter 
45 psf (with 
50,OOO-lb pILl 
24°/ .613 
Lateral 
stability 
145 K 
160 K 
Unpowered Approach [ 
Nominal touchdown VTD (NASA criteria.) 
0( at touchdown 
Nominal a.pproach 
= 1.15 V ]--Min 167 lC 
190 
See Section 5.1.2.5 
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The NASA touchdown speed criteria specifies the following: 
V Tn <... lSO knots 
1.10 V min (powered landing) 
1.15 V min (unpowered landing) 
VTD = Nominal. touchdown speed 
V min = Minimum speed for flight 
IMSC/A959f37 
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V min is defined by thE~ max CL that is available for use. Max CL is deter-
mined by such factors 2:IS trim limits, stability and flying qua.llties limits, 
structural ground clearance limits, and other parameters that in general 
limit the maximum anglE! of attack. For the orbiter, (j.. is limited to 24 
degrees by the lateral stability parameter C n,t·' which becomes negative past 
24 degrees. For the boosters; ~ has been limited to 14 degrees by design 
of the landing gea.r. This enables sufficiently low-landing speeds so that 
no attempt has been made to increase the ()(. limit. However, it will be pos-
sible to increase the usable CL if desired in the future by lengthening the 
gear. 
To minimize touchdown speeds and landing rollout distances, powered and un-
powered touchdown speeds have been set equal. to 110 percent and 115 percent 
of V ~ for the powered and unpowered vehicles, respectively. It is be-
m.n 
lieved that these factors will give an adequate safety margin to ensure 
necessary control response and stability. From Table 5.1-1, it can be seen that 
all touchd(own speeds are below the lSO-knot upper limit. 
In summary, the vehicles presently under study (and without variable geometry 
wingG j al"e capable of touchdown speeds that satisfy the recognized landing 
safety criteria. The ef'fect of these speeds on runway length requirements is 
discussed in 5.l.2.S. All vehicles are ca.pable of normal operation fran 
10,OOO-foot runways, even with braking effectiveness reduced by wet runways. 
Tradeoff's associated with vari~~)le geometry wings are discussed in 5.1.2.10. 
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The powered approach speeds of Table 5.1-1 are based upon the formula (speci-
fied in FAR 25) 
Vapp = 1·3 Vmin 
The factor 1.3 establishes an airspeed margin sufficient to provide satis-
factory controllability and load factor capability for maneuvering and turbu-
lence on the final approa.ch. Approach speeds for unpowered landing B,re not 
determined from aerodynamic considerations, but are developed in Section 
5.1.2.5 from energy requirements to complete the approa.ch pullout. 
5.1.2.8 Rollout Distances and Runway Lengths. The length of runway required 
for landing depends upon several factors, including the touchdown point, the 
touchdown speed, and the vehicle deceleration capability. A preliminary 
analysis ha,s been performed on rollout distances and runway requirements; 
conservative conclusions indicate that both the orbiter and the boo~ter can 
comfortably operate from lO,OOO-foot runways. 
Figure 5.1-12 shows minimum rollout distance requirements for both vehicles 
as a function of touchdown speed and deceleration rate. These distances have 
been developed from landing roll simulations, with and without thrust re-
versal, by using the criteria as noted on the graphs. A friction coefficient 
of 0.6 has been chosen for ma,ximurft braking on a dry surface. For wet runways, 
a recognized rule of thumb for rollout distance = 1.67 x (rollout distance on 
dry runway) has been applied. 
The rollout distance requirements for the orbiter are tabulated in Table 5.1-2 
on the basis of the landing sp,eeds developed as discussed in Section 5.1.2.7. 
Dry and wet runway distances are tabulated for a, nominal speed too.chdown and 
a touchdown 15 knots faster than nominal. As shown, a fi01'1Ilal. minimum rollout 
landing (powered, with thrust reve~sal, nominal velocity) on a wet runway re-
quires only 4800 feet, while a worst-on-worst case (unpowered emergency land-
ing, 15 knots above nominal touchdown, wet runway) requires 5800 feet. 
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TABLE 5.1-2 
ORBITER VEHICLE ROLLOUT DISTANCES 
Nominal Touchdown Velocity 
Touchdown velocity (knots) 
Rollout distance - dry runway (tt) 
Rollout distance - wet runway (ft) 
Touchdown 15 Knots Above Nominal 
Touchdown velocity {knots} 
Rollout distance - dry runway (ft) 
Rollout distance - wet runway {ft} 
Powered 
Landing 
160 
2900/3000 
4800/5050 
175 
3200/3350 
5250/5550 
IMSC/A959S97 
Vol. III 
Unpowered 
Landing 
168 
-/3200 
-/5300 
183 
-/3500 1 
-/5800 
Note: X/x denotes with thrust reversal/withou.t thrust reversal 
A touchdown point 2000 feet from the end of the runway has been chosen as a 
worst case touchdown dispersionQ This is believed to be conservative, since 
the FAA/USAF c-14l All-Weather Landing System program demonstrated touchdown 
dispersions within ! 500 feet 95 percen't of the time; flight results from the 
unpowered X-15 and ~lO landings at FRC-Edwards have been within a 1500 foot 
range. Adding this 2000-foot distance to the worst-case rollout results in 
a total runway length requirement of 7800 feet, well below the lO,OOO-foot 
criterion. 
This conservative analysis, although preliminary, gives a high degree of con-
fidence that the orbiter can be operated on a 10,OOO-:f'oot runway. Further 
analysis performed to verify this conclusion may well Sh~l that the orbiter 
is capable of operation on 8,OOO-foot runways. 
The orbiter runway requirement can be compared to that for the F-1OOC Century 
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series jet fighter. The F-1OOC, which has a minimum touchdown speed of 155 
knots, is regularly operated from 10,OOO-foot runways by operational pilots. 
in all types of weather conditions. 
For the booster, the lower touchdo-wn speeds result iln shorter rollouts, and 
thrust reversal is less effective in reducing rollout. Table 5.1-3 presents 
booster rollout distances for the various conditions, the worst-on-worst caSf~ 
here being 4,000 feet. Using the 2000-foot touchdown point results in a con-
servative runway requirement of 6000 feet. 
TABLE 5.1-3 
BOOSTER VEHICLE ROLLOUT DISTANCES 
(Powered landing) 
Nanillal Touchdown VelOCity 
Touchdown velocity (knots 
Rollout distance - dry runway (ft) 
Rollout distance - wet runway (ft) 
Touchdown 15 Knots Above Naninal 
Touchdown velocity (knots) 
Rollout distance - dry runway (tt) 
Rollout d.istance - wet runway (ft) 
128 
2050/2100 
3350/3450 
143 
2350/2450 
3850/4000 
x/x denotes with thrust reversal/with~tt thrust reversal 
5.1.2.9 Go-Around. A requirement exists for a capability to break off a 
landing approach prior to touchdown and return for another approach. In this 
section, performance and vehicle design requirements tor go-around are pre-
sented and the need tor go-around is discussed. 
5.1.2.9.1 Go-Around Performance. Figure 5.1-13 shows a typical go-around 
pattern. Go-around is initiated by increasing thrust and establishing a 
climb to pattern altitude. The racetrack path brings the vehicle back to the 
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final approach track. 
Thrust must be sufficient to: 
• Maintain level flight + .05 T/w margin at touchdown speed and cem-
figw:oation 
• Maintain a 6-degree initial climb at maximum tin in l,anding config-
uration 
• Maintain 115 percent of V approach in level flight at 3000-foot 
altitude above runway 
• Climb to 3OO0-foot altitude in 3 minutes 
A performance analysis of a Two-Stege booster and orbiter configuration has 
yielded the following results: 
Parameter 
Vehicle landing weight (l~ 
Wing loading (psf) 
tiD max 
Time required for go-around (min) 
Fuel required (lb) 
Max T/w ratio required 
Duration of max thrust (min) 
Downwind leg displacement from 
approach flight p~th (nm) 
Orbiter 
259,000 
45 
J~.66 
8.5 
3500 
.30 
2.25 
1.8 
Booster 
373,000 
32 
7.0 
7·5 
3«<) 
.26 
2.0 
1.3 
5.1.2.9.2 Need for Go-Around. It is appropriate at this time to examine the 
need for go-around and discuss the penalty that must be paid to provide a go-
around capabil.i ty. It is recommended that the tradeoffs in this area be ex-
amined further; for, if go-around can be eliminated from the orbiter, the 
launch system weight can be significantly reduced or, conversely, additional 
payload can be carried. 
From an operational standpoint, the usual causes of aborting a landing ap-
proach and making a go-around prevail. One cause would be the inability to 
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perform a safe landing because of misalignment with the runway or inability 
to reach the desired touchdown pOint. Another could be a vehicle hazard, 
either in the air or on the ground. It seems reasonable that the hazard 
problem can be effectively eliminated by proper traffic control and enforce-
ment. The orbiter, at least, will require special air traffic control hand-
ling; for it is very unlikely that in descent and landing approach, it will 
be compatible with normal aircraft descent and approach c:ontrol procedures. 
The problem of misalignment with the runway is much more difficult, particu-
larly for all-weather landing. Thert: will always be a finite probability 
that e given landing approach will result in an unsafe landing or a crash. 
Ideally, it would be desirable to express this probability statistically as 
the number of go-arounds required per one million landings. However, it is 
extremely difficult to determine this number and certainly any quantification 
in this early stage of the program would be sheer speculation. 
A capability for one (or more) go-arounds may reduce the probability of crash; 
but it can never elimina~e it, since there is no way that a landing can 'be 
made 100 percent safe. In some instances, go-around may not help at all if 
the problem that caused the go-around (SUCh as a malfunctioning vehicle sys-
tem or extremely bad weather) still exists on the second landing attempt. 
An acceptance of,some finite probability of crash will be necessary, and the 
assessment of what probability is acceptable and whether go-around is re-
quired must be based on the penalty for go-around. 
Tabulated below are the weights due to jet engine .... .;.id fuel for go-aro,"-lIlld and 
for powered landing approach (Lin improvement) only on the orbiter: 
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Selected jet engine 
Thrust rating (takeoff static) (lb) 
Installed engine weight (lb) 
Fuel required (lb) 
Total orbiter increment (lb) 
Total launch weight increment (lb) 
Go-Around 
T1lrb o-fan 
100,000 
20,800 
6,000 
26,800 
798,000 
L'4SC/ A959837 
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Powered Landing 
Approach 
11ft fan 
40,000 
3,200 
4,"(00 
7,900 
237,000 
Certainly the penalty for having. go-around capability is a significant per-
centage of the 50,OOO-pound payload. Eliminating go-arotmd in the orbiter 
but retaining the powered approach would result in 18,900 pounds of addi-
tional payload capability. Future study must be conducted to evaluate this 
improvement versus the need for go-around. Furthermore, the complete elimi-
nation of jet engines should be considered, perhaps as an evolutionary change 
after the safety and suitability of unpowered landing has been demonstrated. 
5.1.2.10 Variable-Geometry WingS. The application of variable-geometry, or 
deployable, wings to -increase subsonic lift has long been a pertinent consid-
eration in lifting body design. Wings offer the potential of landing speed 
reduction and associated eaSing of runway length and vehicle control require-
ments, with the penalty of increased vehicle weights. After thoroughly in-
vestigating the use of winge end after consideration of the tradeoffs, LMSC 
has established the present baseline as being without wings. The tollowi'ng 
paragraphs describe these tradeoffs and considerations. 
Earlier in this landing study, a performance and weight analysis was per-
formed on the then-current configuration to determine the effect of using 
wings on the orbiter. The following table summarizes the results of that 
analysis. Deployable wings on the boosters are not a relevant conSideration, 
since '-""e mild booster thermal environment permits design of adequately 
large r1xed wings. 
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With variable-geometry 
wings 
5.2 
155 K 
3738 ft 
3.65 M Ib 
16 percent 
Without 
wings 
4.0 
185 K 
5089 ft 
3.15 M Ib 
The choise of a wingless orbiter was based on this 16 percent weight penalty, 
and the considerations of deployment mechanism complexity and introduction of 
a critical failure mode (failure to deploy). Improved touchdown speeds for 
wingless bodies have been obtained by design iterations (Section 5.1.2.7), 
and runway rollout distances are within the capabilities of 10,OOO-foot run-
ways (Section 5.1.2.8). 
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5.1.3 Guidance and Control Systems 
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This section presents the results of investigation into automatic landing 
systems and their application to the Space Shuttle approach and landing 
problems. A baseline system is described and its performance discussed. 
Landing aids and sensor are compared, the role of the pilot is discussed, 
and reliability aspects are introduced. The following discussion is 
addressed primarily to the problems of the returning orbiter. The booster 
is covered separately in Section 5.1.3.8. 
5.1.3.1 Landing Systems and Requirements. The guidance and control system 
must be capable of performing both the powered and unpowered landings 
automatically or with a pilot at the controls. 
The program requirement for all-weather landing capability necessitates a 
system capable of landing llnder FAA Category III conditions. (A distinction 
between Categories IlIa, IIIb, and IIIc need not be made at this point, 
since all three require instrument touchdown. Runway rollout and taxi 
control are the differences between the subcategories.) All present and 
projected landing systems have employed automatic control for touchdown 
under these low visibility conditions, and there is no evidence of any 
acceptable scheme in which pilot control is used for nonvisual landing. 
Accordingly, for Space Shuttle, fully automatic control has been selected 
as the prima.ry mode for all landings. Repeated demonstrations of satis-
factory automatic landing in good wea';:her is the only way. to build the 
pilot confidence necessary for acceptance of automatic landing under zero/ 
zero conditions: The role of the pilot is discussed in further depth in 
5.1.3.6. 
'l'he primary control task during the approach phase is to navigate the 
orbiter so that it will reach the decision key point within the required 
bounds of altitude, airspeed, and heading. (This navigation actually com-
mences prior to reaching the IOO,OOO-ft. altitude.) The navigation and 
energy management systems must have sufficient flexibility and accuracy to 
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guide the vehicle throughout all possible reentry trajectories to within 
the yet to be defined window at decision key. After passing decision key, 
I 
the emphasis shifts to precise spacecraft control (attitude, heading, glide 
angle, airspeed, thrust, etc.) required to perform a safe and preCise 
landing, either with or without jet engine power. 
5.1.3.2 Present and Projected Landing System Technology. The age of 
automatic landing is in its infancy at this time, and there are many programs 
in process that are aimed toward an operational automatic landing capability. 
In England, BOAC is landing airliners automatically, using an instrument 
landing system (ILS) coupled guidance approach. In the United states, 
several FAA and military projects are developing and evaluating automatic 
landing systems with the goal of all-weather operational capability. The 
previously slow pace has accelerated rapidly as both the airlines and the 
Tnilitary have become aware of the benefits from an all-weather capability. 
The technology from these efforts is directly applicable to the Space 
Shuttle program. 
The ILS is widely used for low-visibility approaches. Although alone it is 
not suitable for blind landing, ILS can be augmented (with radar altimeters, 
flare computers, and other devices) to enable automatic ]~ndings. The FAA 
and airlines have committed themselves to an all-weather landing evolutionary 
approach that builds from the present 118. The military, primarily in 
connection with transport and cargo aircraft, is also proceeding in this 
direction. 
Concurrently, other projects are developing all-weather capability wi~hout 
using ILS. The most advanced of these is the Navy's SPR-42 carrier-landing 
system, in which carrier-based radar tracking and data processing are 
employed to vector the aircraft to a hands-off carrier landing. SPN-42 is 
an automatic version of the military's ground-controlled approach system 
that has long been used for low-visibility approaches. 
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Many studies have been performed towards adapting these and other guidance 
techniques to automatic landing of lifting reentry vehicles. In the 
following paragraphs, details of all-weather landing system status are 
discussed. 
5.1.3.2.1 118 and Its Derivatives~ The intersecting planes of the 118 
glideslope and localizer beams define a "line in the sky", leading to the 
touchdown_end of the runway. On the landing approach, deviations from this 
line are detected by the onboard ILS receivers; and for manual approaches 
these deviations are displayed to the pilot. For automatic approaches, 
the receivers are coupled to the aircraft autopilot; and deviations cause 
the issuance of appropriate steering commands. Since the glideslope beam 
becomes unreliable near the ground, and range or altitude is not available, 
a radar altimeter and flare computer are required for automatic touchdown. 
Figure 5.1-14 shows the basic elements of an 118. 
Automatic ILS have been under development for some time, but are not 
operational (in the USA) at the present time. The furthest advance is 
represented by the joint FAA/USAF evaluation of the c-141 all-weather 
landing system. This program began with the development and certification 
of a Catego~J II system and progressed to development and evaluation of a 
Category III system. The purpose of the Category III evaluation was to 
accumulate data and experience to be used in establishing criteria for 
Category III operations. Actual certification for Category III landings 
requires further development and evaluation of both ground and airborne 
equipment, as we-II as establishment of this operational criterion. 
The new generation of airline and transport aircraft (C-5A, 747, L-IOll, 
DC-IO) are being designed for Category III Its operation. The major 
technical problems are those associated with system reliabil'ity and failure! 
modes and those associated with the reliability and accuracy of the 118 beam. 
(In the latter area, it has bcc.n found that ILS beams can have unacceptable 
bends and discontinuities and that they are susceptable to interference 
from overflying and taxiing aircraft. The FAA currently has several programs 
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underway aimed at resolving or elj.minating these problems). Use of the 
scanning beam system now undergoing FAA evaluation is discussed in Section 
There should be no difficulty in applying the airliner type Category III 
ILS to the landing of a powered Space Shuttle. Both the orbiter and 
booster vehicles are expected to need landin3 guidance and control of the 
same nature as large, high-performance aircraft; and much of the technology 
certainly is applicable. The n~jor difficulties in the use of an ILS-based 
approach and landi.ng system fall into two areas: 
• ILS cannot guide the orbiter in its descent to the final approach 
rath. Since IDS defines only a single beam extending from the 
approach end of the runway, it cannot provide the guidance neces-
saI"J to engage and capture the final approach at the outer marker. 
Some other Buidance 1-Till be necessary for navigation and energy 
management during the gliding descent and 360-degree turn prior to 
final approach. 
• The unpowered, or deadstick, approach necessarily must follow 
a curved Glideslope (Section 5.1.2.5), since the first flare 
occurs 1 to 2 miles from the touchdown pOint. Studies have 
been performed on an unpowered landing maneuver with two blide-
slope beams (one for the high speed approach and one for the 
post-pulrout flom)used and a radar altimter and path computer 
to guide during the tlw flares. These studies have not demonstrated 
the acceptability of this scheme, and ILS does not appear to be 
an attractive solution to unpowered orbiter landings. 
The greatest advantage of ILS is that it is an establishPrd and operational 
system with capability (with improvements) to meet Category III requirements. 
If Category IIIILS were installed at major airbases by 1975, these ground 
facilities would be available for use by the Space Shuttle. However, the 
lleed for additional facilities for descent navigation and energy management 
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and the difficulty in performing an unpowered landing with IhS lead to 
consideration of guidance schemes that d.o not entail these problems. 
In this context, a critical question is "at what landine; fields must the 
orbi ter be capable of making an automatic landing'?" If the major landing 
s1 tes ".,ill be the commercial airfields that are slated for Category III ILS, 
then a system that requires only the available FAA equipment would be very 
attructive. However, it seems reasonable to avoid these hie:h density 
commercial fields -- because of the dangers posed by a Space Shuttle 
descendinG rapidly throue;h congested airspace and the unavoidable disruption 
of normal air traffic -- and use the available military bases as primary 
fields. 
The use of military bases also appears to be ve~J attractive from an 
operational point of view. Figure 5.1-15 shows the ".,ide distribution 
of military E.nd low-densi ty civil fields in the 1,·8 contiguous states, which 
all have lO,OOO-foot runways. Hith this larce selection, it hardly 
seems necessary to use high-density civil fields and to require a system 
to be compatible with projected FAA ground hardware, particularly since it 
appears that this hardware would require augmentation for Space Shuttle use. 
5.1.3.2.2 Ground Vectored Control. The SPN-42 system used by the Navy 
for "hands off" landing on aircraft carriers is presently the only operational 
automatic landing system in the country. Figure 5.1-16 shows the elements of 
the SPN-42 sy-stem. Radar on the carrier tracks the aircraft and este.blishes 
its position in terms of azimuth, elevation, and slant range. The landing 
computer (on the carrier also) establishes a trajectory from a se·ries of these 
position reports. This actual trajectory is compared to the reference or 
desired trajectory set into the computer, and position errors are determinea. 
I 
Aircraft steering commands are computed from these errors and transmitted to 
the aircraft via· an RF data link. These commands enter into the autol)ilot 
and steer the aircraft through the normal control loop and hardware. An 
on-board automatic throttle system modulates engine thrust to maintain a 
llreset airspeed. 
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This landing system concept is very attractive for the Space Shuttle. The 
major advantage over ILS-based concepts is that approach and landing paths 
are not constra ined to the single line-in-the-sky of 118. Consequently, 
the difficulties that ILS has with the descent to landing approach and with 
unpowered landings are not problems here. SPN-42 does, however, require con-
si(lerable ground equipment. 
5.1.3.2.3 On-Board Guidance with Update. An automatic landing system with 
the onboard digital computer and inertial measurement units, augmented by a 
ground-based update for earth-referenced position determination,was derived 
from the SPN-42 by moving the computation function from the ground (o!" carrier) 
to the digital computer in the vehicle. The existing inertial reference would 
also be utilized. In this discussion radar is treated as the means for up-
dating; however, it is important to realize that radar is just one of sever~l 
possible means of establishing the necessary ground refere>:,Lce. Other candi-
date updating systems are discussed in Section 5.1.3.5, 
Figure 5.1-17 shows the elements of the onboard system. The c9ntrol function 
is no longer performed in the same fashion as in the SPN-42. Rather, there 
is now an inertial guidance system, with th~ computer and the lMU used as 
th~ , .. primary guidance elements. These elements are capable of performing 
all of the navigation and guidance coraputations required for approach and 
landing. 
The purpose of the radar (or other ground referen(!e) is solely to update 
the inertial reference in order to correct for drift and similar system 
errors. Conceptually, the orbiter has the capability to make a completely 
autonomous (Wi thout ground support) approach and landing. However, an IMU 
that can maintain linear accuracies within a few feet and velocities 
within a few feet per second (as is required for approach and touchdown) is 
not withla the forseeable state of technology. Accordingly, the radar 
link is used to update the inertial reference so that it can guide to the 
ac~uracy required. 
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The navigation and guidance system described here - computer plus lMU 
control with updating - has numerous advantE~es over the beam-tracking 
(ILS type) and ground-radar controlled (sPN-42 type) concepts. These 
advantages include: 
• Maximum vehicle autonomy 
• Simple ground equipnent state-of-the-art approach radar, landing 
radar, and data-link transmitter, for example 
• Highly flexible - can program wide range of trajectories 
• Guidance for both powered and unpowered vehicles 
• Reentry guidance, energy management, and automatic landing 
accomplished by one onboard system 
Analysis and simulation of the capabilities of this system hav0 been per-
formed by Bell Aerosystems Company, developers of the SPN-42. Section 5.1.3.4 
contains a report on these studies. 
5.1.3.3 Operational Aspects. The navigation and energy management control 
process that brings the orbiter within the required window at deciSion key 
starts at hypersonj,c reentry and continues down to the subsonic glide. 
Ground track, altitude, and airspeed control are accomplished by modulation 
of angle of attack, bB4~ angle, and possibly speed brakes. DeciSion key 
is defined by nominal values of altitude, airspeed, and heading; these 
nomina Is have been tentatively established as 25,000 ft, 250 KIAS, and 
aligned with runway, respectively. Allowable tolerances on these values, 
plus the allowable ground track width, are defined to provide a sufficiently 
precise initial point for either a powered or unpowered landing. 
Ground data for inertial reference update are provided during the descent. 
Studies to define update requirements have not yet been performed; however, 
it is antiCipated that update will not be required until the orbiter has 
descended below a lOO,Ooo-foot altitude. If this is correct, the maximum 
update range required (from the landing field) will be on the order of' 100 
to 150 nm. 
5-39 
LOCKHEED MISSILES & SPACE COMPANY 
C'.. ... .. 
- ",-~-~~!!:~'~.'-~ 
-
LMSC/A959837 
Vol. III 
At dec:\,sion key, the decision to perform either a powered or unpowered 
landing will be made, either automatically or by the pilot. The decision 
will be based upon successful (or unsuccessful) airstart of the jet engines. 
The normal mode will be a powered landing with the engines started. For 
powered landing, the computer program will generate steering and throttle 
commands to maintain proper altitude, airspeed, and groundtrack through 
the 360-degree turn, final approach, touchdown, and landing roll. Errors 
from the programmed nominal profile will be sensed and corrective commands 
generated. Update will be used throughout to provide the necessary inertial 
reference accuraci,es. 
For an unpowered landing, the computer will command a straight-in glide 
approach. At approximately IODO-foot altitude, a flare is initiated to 
reduce the rate of descent to a suitable level for touchdown. This technique 
is similar to that successfully demonstrated in manual landings of the X-15 
and the M2 and HL-IO lifting bodies at NASA-FRC. Simulations of automatic 
unpowered landings have successfully established control techniques for 
correction of initial condition errors and perturbations due to turbulence 
and shear winds. These simulations are discussed in Section 5.1.3.4. 
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5.1.3.4 Analysis and Simulation. This section describes the results of 
analysis and simulation of guidance for reentry vehicle terminal approach 
and landing. The material presented was supplied by Bell Aerosystems Company 
of Buffalo, New York, long a leader in the field of reentry vehicle guidance. 
The following is essentially a verbatim extraction from Bell report D6236-
953002. 
5.1.3.4.1 Requirements for Terminal Approach and Landing. Bell Aerosystems 
has investigated the guidance requirements for pow"ered and unpowered approach 
and landing of a Space Shuttle. Of the two, the unpowered landing has the 
most demanding requirements and, therefore, dictates the guidance and navi-
gational system configuration and determines accuracies that must be met. 
Powered landing can be considered in a similar light as the unpowered landing, 
for jet engine thrust effectively improves the LID ratio. (for 3~degree glid~­
scope, LID = 20). This improvement, in general, eases the control task. 
The terminal guidance of unpowered, horizontal landing vehicles normally 
consists of (1) a terminal approach phase, during which the vehicle is aimed 
at an approach window; (2) a heading alignment phase, during which the 
vehicle's heading is lined up with that of the runway; (3) a final approach 
phase; (4) a flare; and (5) a final glide to touchdown. The guidance problems 
that are involved in these phases can best be described if they are considered 
in reverse order. 
The primary guidance task during the final glide is one of making slight 
adjustments in the vehicle's touchdown velocity and position while maintain-
ing the desired glide path angle at touchdown. Since the equilibrium flight 
conditions for an unpowered vehicle are all determined by the LID ratio at 
which the vehicle is flying, a long term correction in anyone of the touch-
down conditions will normally compromise the others. Although studies have 
shown that a satisfactory compromise can be made; they have also shown that 
the size of the errors that can be corrected for are quite restricted. Con-
sequently, initial conditions for final glide must be carefully controlled. 
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During the flare, the primary task of the guidance system is. to brake the 
vehicle's rate of descent to a value that is compatible with the desired final 
glide path angle by the time the desired. glide initiation altltude has been 
reached. Although it is possible to adjust the flare initiati,':>n altitude and 
normal acceleration during flare to correct for any errors that might occur in 
this altitude and altitude rate, very little can be done to correct for any 
velocity and position errors. If the vehicle is controlled so as to follow a 
fixed predetermined flare and glide profile, this severely restricts the errors 
that can be tolerated at flare initiation. ~Qis in turn restricts the size of 
the errors that can be corrected for during final approach, since it will be 
necessary to ensure that all phugoid flight path transients that are intro-
duced by such correction are completely damped prior to reaching the flare 
initiation pOint. 
These restrictions, arising from the concept of a predetermined, fixed-flare 
profile are somewhat artificial, since it is possible for the vehicle to 
correct for larger errors in final approach if the subsequent flare and glide 
phases are adjusted to account for the effects of this transient on the final 
touchdown conditions. Since the maneuvering capability of unpowered vehicles 
is inherently limited, it is important that the guidance system should not be 
further restrictive and should be capable of using all of this inherent 
maneuver capability to recover the vehicle from as large an area as possible. 
However, this does impose a requirement that the guidance system be capable of 
predicting the effects of corrective maneuvers on the expected touchd.own con-
ditions and of using this information to adjust the nominal flare and glide 
profiles as required to inBure a successful landing. 
Predictive guidance techniques investigated extensively at Bell have been 
found to enha.nce greatly the ability of a system to recover a vehicle. How-
ever, even with these techniques, it has been found that the errors that can 
be tolerated at the start of final approach are very small as compared to 
those that can exist at 100,000 feet; therefore, the guidance system must 
operate throughout the terminal approach phase so as to bring the vehicle 
into the final approach phase vTith a favorable position, heading, and total 
energy for straight-in final approach. 
\ 
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In the heading alignment phase, the primary task of the ~lidance system is to 
ltne up the vehicle's heading with that required for a straight-in final 
approach. Since this phase is normally quite short, even with predictive 
guidance techniques the errors that can be corrected in it are small compared 
to those that can exist at 100,000 feet. ~s a result, the ~~idance system 
must also bring the vehicle into the heading alignment phase with generally 
the right position and total energy for accomplishing the heading alignment 
turn. Both the position and energy required at the: start of the heading 
alignment phase depend mainly on the magnitude of the turn required. As a 
result, the initiation point for this phase is, in terms of both position and 
total energy, a "floating" point, which must be adjusted by the guidance sys-
tem according to the required turn. In addition since flight path transients 
have a significant effect on the short term turning capability of the vehicle 
in this phase, the guidance system should be capable of predicting the 
effects of these prior to the initiation of the turn and of adjusting the 
initiation point accordingly. 
At this point, it can be seen that the guidance system must reduce all large 
errors before the heading alignment phase is reached. To do this, it must 
bank the vehicle to aim at the required heading alignment initiation point 
and modulate the vehicle's LID as required to ensure that this point is 
reached with the proper total energy for heading alignment and the subsequent 
phases. Control of the vehicle's energy is a primary aspect in the terminal 
guidance of unpowered vehicles. In general, the range capability of a vehicle 
wi'ch a given LID is somewhat directly proportional to its total kinetic and 
potential energy and, therefore, the nominal LID required to diSSipate a 
given amount of energy in a given range can be determined from this relation-
ship. However, flight prith transients also have a significant effect on the 
vehicle's range capability; and, if these effects are not accounted for in 
determining the required LID, an unstable range/energy loop is likely to 
result. To prevent this, it is important that the guidance syst.em be capable 
of predicting the effect of transient flight conditions on the r~';lnge capabi-
lities of the vehicle and of using this inforrration to modulate the Lin of 
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the vehicle to ensure that the vehicle will reach the desired point with the 
correct energy. 
One of the primary requirements of a guidance system for an unpowered vehicle 
is that it be capable of predicting the effects of off-nominal flight condi-
tions on the vehicle's maneuvering capability and of using this inforwation to 
adjust the vehicle's flight path and the required flight conditions a,t the 
initiation of each phase as required to ensure a successful landing,. Tt must 
also do this early in flight since the vehicle's capability to correct for 
, 
errors decreases rapidly as the flight progresses. This, in turn, imposes 
requirements on the accuracy of the guidance and navigational systems. 
For example, the total maneuvering capability of a vehicle with maximum sub-
sonic LID of 5.0 at a 30,000-foot altitude, Mach 0.7 final approach point can 
be described approximately b;)r a circle with a radius of 5.65 nm. 'l'1}:lis is the 
area, or footprint, that the vehicle can successfully land in. From.it, the 
range errors that can be tolerated in guiding the vehicle to this potnt can 
be determined directly, and the errors that can be tolerated in other p~ra­
meters can be determined by converting them to equivalent range errors. 
Normally, it is not desirable to plan on using more than 50 percent, or 2.83 
nm, of this capability for correcting for all 10' - errors. If this is done., 
correcting for a single 30' error will requre using only about 63 percent of 
this total capability. 
If the errors in the guidance system itself were zero, all of this 2.83-nm 
capability could be used for correcting for errors in the navigational infor-
mation, vehicle characteristics, and for disturbances. In practice, if 20 
l \ 
percent of this capability is allocated for correcting 10' guidance errors, 
98 percent of it will still be available for correcti.ng all other errors. 
This 20 percent represents a maneuvering capability of about 0.23 nm. 
To avoid exceeding this capability, the guidance system must be inherently 
accurate at the 30,000-foot level to wi thin the following l(J tolerances: 
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Range 0.23 nm 
Cross range 0.23 nm 
Altitude 0 .. 08 nm 
Velocity 22 ft/sec 
Heading 1 degree 
If the remaining 98 percent of the 2.83-nm capability that is available for 
correcting 1 cr errors is equa.lly divided in correcting for errors in the 
navigational data, for erro:'rs in vehicle characteristics, and for disturbances, 
the capability that is available for correcting for 1 cr navigational errors is 
about 1.58 nm. To prevent exceeding this capability, the maximum errors that 
can be tolerated at 30,000 feet are as follows: 
". Range 
Cross range 
Altitude' 
Velocity 
Heading 
0.64 nm 
0 .. 64 nm 
0.22 nm 
61 ft/sec 
2.8 degrees 
. From this example , it can ue seen that the accuracies required are dependent 
on the vehicle maneuvering capability and how rrru.ch of this capability is 
allotted for correcting for each type of error. Since the maneuvering capa-
bility of an unpowered vehicle decreases to near zero as the touchdown point 
is approached, this imposes a requirement for increasingly accurate guidance 
and navigational. information as the flight progresses. In addition, these 
requirements appiy regardless of the fact that a powered landing is planned, 
since the vehicle must retain its unpowered landing capability until engine 
start has been satisfactorily completed. Updating of navigation data accuracy 
will be necessary to enable the guida.nce system to maintain: the vehicle on a 
flightpath that stays'with~n acceptable limits of the vehicle's rapidly de-
creasing maneuver capability as the flight progresses. 
5.1.3,4.2 
,1', 
Description of the Guid~nce S:ystem. Bell has undertaken studies 
on guidance systems :based on: 
• Rep'eated fast time integration, of the vehicle's equations of 
motion in an environment described by f;tored data 
,- .' 
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• Empirical functions of height, speed, vehicle weight, and climb 
angle, stored after initial (i.e., preflight) computation of 
trajectory data by repeated integration of ,the vehicle's 
equations of motion for various nominal and off-nominal condi-
tions. 
Of the two types, the first has been found to meet the required guidance 
accuracies for unpowered flight. This t;,rpe of guidance system is one that 
employs a predictor (which is a model of the vehicle in differential equation 
form) to predict the mane11vering capability of the vehicle during the flight. 
Prior to decision key, the predictor is used to predict the unpowered maneuver-
ing capability of the vehicle in th~ form of a ground area attainable (GAA). 
The range and cross ra.nge errors between the position of the final approach 
point in this predicted GAA and the nominal point in it are then used in 
guidance laws that control the vehicle's energy and heading in such a manner 
that the vehicle is aimed at this point and passes through it with the proper 
energy and heading for final approach. 
The operation of the system in the final approach and landing phase is 
essentially the same for powered and unpowered flight. In powered flight, 
the predictor is used to predict the flight conditions that will result at 
the end of each flight phase if the 360-degree spira.l turn (from decision 
key to final approach) and the powered final approach and landing were flown 
at the nominal power setting and with the nominal attitude commands. The 
errors between the predicted and desired. flight conditions are then used in 
guidance loops, which modulate the vehicle's thrust level and attitude as 
required to ensure that the desired flight conditions at the end of each phaBe 
and at touchdmm will be achieved. For an unpowered final approach and land-
ing, the operation is the same, except that the errors are predicted for an 
unpowered nominal flight and guidance loops, which modulate the vehicles' 
attitude., only are used. These guidance loops are not greatly different, 
since the control of a powered vehicle in t'lany instances is very similar 
to the control of an unpowered ver.ticle of higher LID. 
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This system has been designed to be mechanized on an airborne digital 
compute!' with a computational speed compatible with those available on such 
computers as the Honeywell ALERT or the IBM CP-2 and with a memory (for the 
guidance function alone) of at about 6000-24 bit words or the equivalent. 
The system can receive its required navigational inputs from a navigational 
system, a radar, or a combination of both. For a reentry vehicle, it is recom-
mended that an airborne navigational system be used with ground based radar 
updating to achieve the required navigational accuracy. The system has been 
designed to operate either in a completely automatic mode, in which case 
attitude steering commands are sent directly to an autopilot, or in a manual 
mode, in which the attitude steering command errors are displayed on the 
flight director needles of a three-axis attitude indicator and the pilot 
closes the control loop to null these errors. Displays other than conventional 
displays should include a situation display that shows the position of the 
desired landing site relative to the predicted landing point if the nominal 
commands were flown all the way to touchdown. 
This predictive type of guidance system, which has been investigated exten-
sively by Bell, has been found to overcome all major problems associated 
with the terminal gQidance of horizontal landing reentry vehicles. It was 
first applied at Bell to the reentry gl1.idance of lifting reentry vehicles. 
The preliminary design of a predictive ene:rgy management system for reentry 
vehicles was done from 1960 to 1962 under Air Force contract AF33(616)-7463. 
From 1962 to 1964, Bell optimized the design of this predictive energy 
management system and conducted extensive simulation stud.ies on it, including 
piloted realtime studies, under Air Force Contract AF33(657)-8330. Under a 
supplement to this contract, Bell also adapted this predictive energy manage-
ment system design for terminal guidance of the X-15 from the end of boost to 
a high key point at the start of the landing approach pattern. From this 
deSign, specifications for the equipment requirements were pre~ared. These 
included specifications for the airborne computer, navigations information, 
displays, pilot controls, and interfacing with the adaptive flight control 
system in the X-l5. This was done as a part of an Air Force p~ogram for 
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flight testing an advanced reentry navigation and guile.nce system in the 
X-15. 
In addition to designing the predictive EMS for X-15 terminal guidance, Bell 
developed an X-15 EMS simulation program for the SDS D30 digital computer at 
NASA ... FRC from 1964 to 1965 under NASA contract NAB4-915. This program 'was 
used in conjunction with the X-15 simulation at; NASA-FRC for evaluation and 
pilot training purposes. From 1965 to 1967, under contracts AF33(615)-2519 
and NAS4-1002, Bell also assisted NASA-FHC i.n the evaluation of the system, 
with the programming and checkout of the system on the ALERT airborne digital 
computer through to the ground based checkout of the airborne system. Although 
the program was discontinued before actual flight tests were begun, the work 
done on it was suffi.cient to indicate that the predictive gui.dance concept is 
a good approach to the problem of terminal guidance of horizontal landing 
reentry vehicles and that a system employing such a concept can be mechanized 
with current state-of-the~art airborne equipment. 
Since 1967, Bell has been engaged in stUdies on adapting the predictive energy 
management system concepts that were developed in previous programs to the 
final approach and landing of reentry vehicles. It was found that inherent 
flexibility of the predictor approach make it easy to adapt this technique to 
the approach and landing phase and to vehicle designs wi.th widely varying 
aerodynarIlic characteristics. In doing so, it was shown that problems such as 
those associated with controlling the effect of off-nominal and transient 
flight conditions on longitudinal control during final approach on the required 
flare indication altitude and on flare control can be easily overcome. Based 
on these studies, a preliminary design of a predictive automatic landing 
system was developed and simulated. 
Flight path guidance employing automatic pilot and auto thJ:-ottle control la.ws 
for powered final approach and landing were developed for a wide variety of 
Navy and Air Force aircraft and are in daily use in the Bell-built SPN-IO and 
SPN-42 automatic landing system now operational on Navy carriers. 
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5.1.3.4.3 Advantages of the Predictive Guidance Techni9~. The primary 
advantages of the predictive approach to terminal guidance are its versatility, 
accuracy, and flexibility. Since it is a predictive system, which success-
fully predicts the vehicle's maneuvering capabilities on the basis of the 
actual flight conditions, it is not restricted to any predetermined flight 
conditions or profile. It can predict the vehicle's capability to maneuver 
and land from any initial flight condition. If these flight conditions 
are off-nominal, it can predict the effects of these on the planned nominal 
tra.jectory and determine whether corrective action is required. It can 
also predict the effects of f'light transients and disturbances on the re-
quired flare initiation altitude for both powered and unpowered landings. 
It can also predict when such a landing would push the vehicle to the limits 
of its maneuvering capability or constraints and signal that a go-around 
is necessary. 
With its predictive featu.re, this technique has an inherent capability to 
provide very accurate guidance. Studies have shown that under ideal 
conditions, two things must be satisfied to achieve this. The predictor 
model must be a reasonably accurate representation of the, real vehicle, 
and the errors in the navigational information must at all times be small 
compared to the total maneuvering capability of the vehicle. Since the 
maneuvering capability of the vehicle decreases very rapidly through flare 
to touchdown, this imposes a requirement for increasingly accurate naviga-
tional information. However, this requirement is not unique to this 
technique, since no guidance system can be more accurate than the information 
supplied to it. 
The basic guidance law is to maneuver the vehicle rapidly $0 that the 
landing site is centered in its maneuvering capability (i.e., to the center 
of its recovery funnel). This ensures that the vehicle will have the 
greatest margin to correct for errors in any direction. The ability· of the 
predictor to predict flights with the same constraints imposed on them that 
are imposed on the real vehicle also ensures that maneuvering the vehicle 
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anywher,e. in the predicted maneuvering capability will not violate any of 
these constraints. The predictor also has the, capability of predicting 
future flight criticalities. For example, it can predict whether some 
control action now will cause some vehicle constraint to be exceeded at a 
future point. 
It can be seen that the predictor technique is very flexible and can be\ 
readily adapted to the study of a wide variety of guidance problems. The 
predictor can be easily ,adapted from one vehicle to another simply ,by 
changing the aerodynamic characteristics supplied to it and modifying the 
constraint control loops to be compatible with the constraints of the 
vehicle being considered. This makes it very useful, both as a study tool 
and as an airborne guidance technique that dan be applied to a wide variety 
of vehicles. 
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5.1.3Q4.4 Simulation and Results. A digital simulation program for this 
predictive automatic landing system has been developed by Bellon an 
IBM 7090 digital computer and used to simulate the system. As shown in 
Fig. 5.1-18, this program contains a simulation of a reentry vehicle and 
of the proposed automatic landing system. These are tied together in a 
manner that permits controlled flights to be simulated from the point of 
terminal acquisition touchdown. 
In operation, the equations of motion for the reentry vehicle are initialized 
with the desired initial conditions and then integrated. At a frequency of 
10 times per second, the simulated vehicle flight conditions are transferred 
to the simulated automatic landing system. The vehicle position and velocity 
data are then used in the predictor, maneuver command, and Constraint 
control equations to generate the vehicle attitude commands. These 
commands are then transmitted back to the reentry vehicle simulation and 
used during the next 1/10-second cycle. This procedure is repeated to 
obtain a controlled simulation of the flight to touchdown • 
Since the guidance requirements for unpowered flight are most demanding, 
this simulator has been used mainly to evaluate the operation of the 
system on unpowered flights. The results shown here are for an unpowered 
vehicle with a maximum subsonic L/D of 3.0, which is a more difficult problem 
than expected for the higher LiP Space Shuttle. These include results for 
straight-in runs, runs where various lateral turning maneuvers are required 
prior to final approach, runs with off-position at the end of boost, runs 
with off-nominal flight conditions (out of equilibrium) at the end of boost, 
and runs with off-nominal flight conditions at the point of flare initiation. 
The operation of the proposed system on a nominal flight for a straight-in 
approach is shown in Figs. 5.1-19 through 5.1-22. The initial vehicle 
flight conditions on this flight were those for equilibrium* flight at 
i~Equilibrium flight conditions are defined as those for the nominal angle-
of-attack and bank angle that result in the vertical forces being balanced 
and the rate of change of the vertical forces being zero. 
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Mach;:: 2. The initial vehicle position was selected so that the range and 
cross-range errors were initially zero. 
It can be seen from the plot of predicted nominal range and range in 
Fig. 5.1-20 that the system keeps the flight very near on-nominal all the way 
to touchdown. It can also be seen from the plot of the flight conditions in 
/'" 
Fig. 5.1-19 that the resulting trajectory is quite smooth. The increase in 
the glide path angle, shown in this figure at an altitude of about 5000 feet, 
is due to the programmed increase in the nominal LjD as the vehicle enters 
/ the heading alignment and final approach phase. 
The angle-of-attack and bank-angle commands are shown in Fig. 5.1-21. 
Although, the commands are quite smooth, they do vary significantly. This 
is because the nominal angle of attack that is required to obtain the nominal 
LID varies with Mach number; the system range control loop has a relatively 
high gain, which is continuously modulating the commands to hold the vehicle 
exactly on nominal; and the syste~\ damping loop is further modulating the 
commands to damp out any flight path transients that are induced by the 
range control loop. 
An expanded view of the final approach and flare and glide phase of flight 
is shown in Fig. 5.1-22. As~hown, the required flare initiation point 
occurs almost at the predicted nominal altitude of 800 feet. The plot of 
the predicted flare altitude required shows that the flare occurs almost as 
the planned nominal flare and that little modulation of the net vertical 
acceleration from the planned value of g is required. The glide-path 
angle during the glide part of flight is also very close to the planned 
nominal value of -2.0 degrees. The plot of the angle-of-attack command shows 
that the command never exceeds the maximum trimmable value for this vehicle 
of 20 degrees and that the angle of attack at touchdown is not higher than the 
maximum allowable value for this vehicle of 15 degrees. 
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Four flights were made to 13valuate the operation of the system when the 
vehicle position was initially ofT-nominal. On these flights all of the 
initial vehicle conditions were identical to those for the nominal flight 
except for the initial v(~hicle position. This was moved dmm range to 
obtain initial range errors of t 5 nrrl and laterally to obtain initially 
cross-range errors of t. 5 nm. These errors are about 25 percent of the 
maximum that can be tolerated at these flight conditions. 
The operation of the system in the presence of range errors is shown in 
Fig. 5.1-23. It can be seen from the figure that the system corrects for 
these errors rapidly and brings the trajectory back on to the planned 
nominal and that the error that requires range shortening is of a magnitude 
that can be corrected simply by pitch control, without an S-turn maneuver. 
The operation of the system under the presence of cross-range errors is 
shoTW,n in Fig. 5.1-24, which shows that the system rapidly corrects for 
these errors by turning toward the desired touchdown point and also that 
the heading offset that results from this turning is corrected for by the 
system during the heading alignment and final approach phase. 
One flight was made to evaluate the operation of the system in the presence 
of off.·equilibrium flight conditions. On this flight, all of the initial 
conditions were identical to those for the nominal flight except that the 
flight path angle was 20.1 degrees greater than that required for equilibrium 
flight at l~ach 2. Since transient f~ight conditions have a significant 
effect on the range traveled on a nominal L/D flight from the same enerWJ 
condition~ these off-equilibrium flight conditions resulted in the vehicle'S 
range pos:Ltion being far off-nominal, even though its total energy and range 
position lNere nominal for equilibrium flight conditions. 
The re~~lts of this run are shown in Fi~ 5.1-25 and 5.1-26. The plot of 
predicted nominal range and range in Fig. 5.1-26 shows the ability of the 
system to predict the effect of the off-equilibr5'UID flight conditions on the 
range that will be traveled if the nominal L/D is flown. This enables the 
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system to start correcting for this error immediately. This i.s a desirable 
feature in this system, because without it the system would not be able to 
detect any range error until the integrated effect of the off-nominal rate 
of energy dissipation due to the transient became significant. The plot of 
the flight conditions in Fig. 5.1-25 shows that the system corrects for this 
error and brings the flight back to nominal. However, it can also be seen 
that the flight is well into the final approach phase before this happens. 
Had the system not accounte,d for the increment in nominal range due to the 
flight path transient and had to wait until it resulted in an error in the 
nominal range versus energy profile before it could start to correct for it, 
the system probably could not have brought the flight 'back onto nominal before 
the required flare initiation point. It can also be seen that the damping 
loop results in the flight path transient being well damped. 
Two runs were made to evaluate the operation of the system on flights in 
Ivhich dogleg maneuvers are required prior to touchdown. The first elf these 
was for a 90-degree turn and the second for a 135-degree turn. In leach 
case, the vehicle heading and position was changed so that the range errors 
were initially zero. All other flight conditions were identical to those 
for the nominal flight. 
The ground tracks for these two runs are shown in Fig. 5.1-27, which shows 
that the system guides the vehicle so tha.t it ties into a circle at the 
beginning of the heading alignment and final approach phase. It also shows 
that during the heading alignment phase, the system guides the vehicle 
around the circumference of this circle and that the radius of the turn is 
about 4.25 nm, as planned. The system also controls the energy that the 
vehicle has at the start of the heading alignment and final approach phase 
and the vehicle energy during the heading alignment turn so that the 
vehicle has sufficient energy for a nominal final approach of about 2 nm, 
as planned. 
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These flights demonstrate the ability of the system to control the vehicle 
through planned dogleg maneuvers or maneuvers that are unplanned but which 
may be required if wind shifts or other factors that change the planned 
landing direction are programmed in after the flight j.s started. 
Although it is expected that the vehicle flight conditions ~ill normally 
be nominal by the time the flare initiation point is reached, in some 
cases it may not be possible to ensure this. This could happen if the 
initial range errors are so large that the flight path transient required 
to correct them is not completed by the time the flare initiation pOint 
is reached or when far off-nominal atmospheric conditions are encountered. 
To evaluate the ability of the system to predict the required flare 
initiation altitude and to adapt the flare in the presence of these off-
nominal flight conditions, two flights were made. On the first of these, 
the initial vehicle glide path angle was made shallower than nominal 
as the flare initiation point was approached; and on the second, it was 
made steeper than nominal. 
The trajectories for these runs are shown in Fig. 5.1-28, which shows that 
the system automatically adapts the flare initiation altitude as required 
to compensate for the Off-nominal flight conditions. Furthermore, it 
shows that the system controls the vehicle to a new range point at flare 
initiation to co~pensate for the effect that the off-nominal flight 
conditions have on the range traveled during the flare and glide. 
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5.1.3.5 Updating Sensors. In the preceding discussion, conventional 
radar is treated as the source of position data for inertial reference 
updating. In this section, some of the radar requirements and other 
sensors that may be applicable to the updating task are discussed. 
The need for long-range (100-150 nm) tracking and also a high-precision 
sensor for the final approach and touchdown may well necessitate two 
separate radars. For approach and touchdown, a unit much like present 
precision approach radars should be satisfactorYj and for the longer 
ranges, there are several choices that should satisfy requirements. The 
radar technology necessary for the update task appears to be well within 
the state-of-the-art. 
One alternative to ground radar for updating is to use the scanning beam, 
which is an outgrowth of the ILS. Rather than defining a single line in 
the sky, the reassuring beam provides instantaneous azimuth and elevation 
on board the aircraft through use of a pair of coded, sweeping beams. 
Together with a conventional TIME, a scanning beam can provide the spatial 
positioning required for inertial reference update. 
The scanning beam system is presently being evaluated by the FAA. 
Results have been encouraging, and the FAA is considering using it in 
place of ILS for Category III landing systems. In its present form, 
+ the scanning beam has only a~:...O degree elevation angle and - 5 degrees 
azimuth range capability. 'rhis would not be satisfactory for Space 
Shuttle, where ~igh elevation and all-azimuth capability would be 
required. In concept, the larger angles could be achieved; the Army 
is building a unit with 60 degree scan capability. 
The scanning beam certainly is an attractive candidate for the Space 
Shuttle landing system. Of particular interest in further tests will 
be the determination as to whether a scanning beam system that might 
be adopted by the FAA would have the flexibility and range required for 
the Space Shuttle orbiter. As an ILS replacement, a scanning beam need 
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not have wide-angle and long-range capability. If it is to be used by Space 
Shuttle, perhaps now is the time to make FAA aware of the re~uirements. 
Another means of updating that warrants investigation is the use of conventional 
navigation aids, such as VOR, Tacan, TIME, Loran, and satellites, to provide the 
long-range, relatively low-precision descent and approach navigation data. For 
the high-precision final approach and touchdown the ILS, scanning beam, or pre-
cision radar could be used. This hybrid approach has the advantage of perhaps 
the maximum use of existing and available e~uipment, therefore re~uiring the 
least special ground support. Various studies and evaluations are now underway 
on the updating of aircraft inertial navigators from ground stations, and much 
of this should be applicable to the Space Shuttle. 
On-board radars for position update have been investigated, but there does not 
appear to be a system (either present or projected) caIRble of meeting Space 
Shuttle re~uirements. The accuracy of state-of-the-art and experimental on-
board radars is not sufficient for automatic landing. The U.S. Air Force is 
experimenting with on-board radar for tactical navigation and low-visibility 
approaches, but the expected accuracy is far from meeting Space Shuttle re-
~uirements. Future developments in on-board radars will be followed neverthe-
less, since they provide the maximum vehicle autonomy and independence from 
ground installations. 
5.1.3.6 Role of PiJ.ot. The role of the pilot in approach and landing is dis-
cussed from two aspects -- automatic versus manual control and pilot displays. 
Automatic versus Manual Control. The re~uirement for all-weather landing 
establishes the need for capability to touch down on the runway without visual 
runway reference. All present and projected landing systems have employed 
automatic control under these low-visibility conditions, and there is no evi-
dence of any acceptable system entailing pilot control for nonvisual landing. 
Therefore, an automatic control system, without a pilot in the loop, appears 
to be re~uired for Space Shuttle. For pilot acceptance of automatic landing, 
repeated demon.stration of satisfactory landings in good weather will be neces-
sary. This is the only way to build confidence in the performance and relia-
bility of the landing system. Accordingly, fully automatic control has been 
selected as the primary mode for all landings, good weather or bad. 
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FUrthermorej it is recommended that control for the descent and approach 
phase be automatic. In a manual mode, computer-generated navigation 
and energy management data will nornally be used for guidance, so it 
appears preferable for these data to be fed directly to the automatic 
flight control system. 
The pilot's role during approach and landing is primarily that of a 
systems monitor and decision maker. Considerable study will be necessary 
to establish the extent that he should participate. Certainly, he will 
always have the capability to control the vehicle manually (except in 
the final phases of a zero visibility landing, where, if automatic 
control has failed, a go-around is required). Advantage should be 
taken of the p,ilot's unique Judgment and decision making capabilities 
for such aspects as failure analysis and alternate field selection. 
In later phases of this program, the man/maChine relationships must 
be investigated in considerable depth. Present recommendations on pilot 
versus automatic control roles are summarized be~: 
Pilot Function 
Supervise and manage entire 
approach and landing process. 
Perform decision-making function 
in event of abnormal situations. 
Initiate mode changes, for 
example, go-around 
Automatic Function 
Control vehicle at all times 
(except during some emergen-
cies). 
Switch to redundant circuits 
in event of malfunctions 
(fail o~rational). 
Pilot Display ReqUirements. The pilot must have sufficient flight and 
vehicle data displayed to him to provide the information necessary to 
monitor flight progress, exercise judgment in his decision-making role, 
and control the vehicle when required. Because of the mass of data 
involved and the criticality of some flight phases (SUCh as zero/zero 
landing with a singl~ pilot), the display problem is considerably more 
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d:J.fficult than with present aircraft. Certainly, a sophisticated data 
system will be needed for the Space Shuttle. 
As the pilot role becomes definea in the later phases of the program, 
\ it will become necessary to examine the display problem in further 
detail. Display requirements necessarily depend upon the specific pilot 
tasks and monitoring required. These items will be investigated in 
detail. 
5.1.3.7 Reliability and Redundancy. Assurance of a safe landing under 
zero/zero conditions in event of hardware failures requires a highly 
reliable and redundant landing system. The term "fail operational" is 
used to describe a system that will remain correctly and safely operational 
following a single failure. This concept, presently being applied to 
automatic land.ing systems on the new generation airliners, must be 
applied to the Space Shuttle to provide adequate system integrity for 
zero / zero land.ing. 
A fail-operational system requires independently redundant channels with 
appropriate monitoring and switching elements to assure system operation 
in event of failure. The simplest concept is a system with two 
identical operational channels and a third moni taring channel to "vote II 
in event of disagreement between the operational channels and to switch 
out the incorrect channel. 
In practice, there are many schemes for inJ.plement1ng a fail-operational 
system; so detail investigation is needed to select the optimum route. 
With any route, careful design and analysis will be required in mechani-
zation of landing system elements to assure reaching reliability scals 
without creating a monstrous (and inherently unreliable) monitoring and 
switching system. This latter aspect is one of the most difficult and 
critical that will be facing the subsystem designers. 
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5.1.3.8 Booster Aspects. The booster vehicle has somewhat different 
requirements for approach and landing; therefore, booster tradeoffs 
and hardware considerations are somewhat different from those pertaining 
to the orb iter. 
The booster will return to the launch base or alternate field at subsonic 
speeds with the jet engines thrusting. The navigation problem is much 
like that with present aircraft navigation; certainly it is much simpler 
than the reentry and energy management problem of the orbiter. Also, the 
booster does not require the unpowered landing capability; the~efore, 
the control problems are very similar to those with aircraft,. 
It appEars that booster return and landing could be acco:m.plished 
according to present aircraft practices. For example, rett~ navigation 
could be by VOIR or other radio aids and zero/zero landing by ILS, as 
described :1.n Section 5.1.3.2. This is not to say that the booster 
should not be operated with the same techniques arid systems as the orbiter, 
but rather that the booster does not, have (for return and landing) the 
same requireme·nts. For ascent and the 180 degree turn after separation, 
the booster will require some sort of inertial control; consequently, 
it may be preferable to use this equipment for return and landing. 
A definite consideration is to use the same guidance and control system 
as the orbiter's i~o reduce development costs. In this event, approat.!h 
and landing would. be accomplished in the same manner al? for the orb1.ter. 
It appears to be feasfu le to fly the booster unmanned. Because of the 
high degree of automation and redundancy required to prlDvide all-weather 
landing capability, the necessary pilot functions are of a decision-
making nature. All normal flight Olterations and redundJant channel 
switching in event of component failures would be acco~~lished on board. 
A ground-based pilot would have sUt'.!h functions as cornma.:nding go-around. 
Possibly he could fly and land the booster in drone fashion, although 
the need for this capability remains to be established. 
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The ques"bion of unmanned booster operation is really one of design 
execution rather than concept. Vehicle systems must have the flex"~ 
ibility and reliability to meet whatever pel'formaIlce and safety standards 
are estsLblished for unmanned operations. The guidance and control system 
developf~d in this report for the orbiter would be particularly attractive. 
The high level of vehicle autonomy and flexibility of the on-board 
computer should enable a straightforward unmanned operating mode. It 
is reccmnnended that if unmanned booster operati1on is desire.d, specific 
operat:Lonal criteria be established to enable development of. system 
design requirements. 
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The major conclusions in this study are summarized below, and the critical 
technical issues warranting further study are presented. 
5.1.4.1 Major Conclusions. 
• Power-on landing of Space Shuttle is possible. Velocities, sink ratesl, 
attitudes, etc., are comparable to those of present high-performance 
aircraft. 
• Based on X-l5, HL-10, and M2-F2 flight test results, unpowered appr'oach 
appears to be possible for emergency (or perhaps primary) landing. 
Feasibility must be confirmed. 
• Vehicles appear to be compatible with operation on 10,000-ft runways. 
• Penalty to provide go-around capability is high weight of jet engines 
and fuel. 
• Variable-geometry wings not necessary. Landing speeds are acceptable 
without wings. 
• All-weather landing appears to be feasible, but requires fully automatic 
control. 
• Onboard guidance with updating is attractive landing system. 
~ Role of pilot is not clear; it includes system monitoring at a minimum. 
• Landing system reliability will be major problem. 
• Unmanned booster operation appears to be feasible. 
5.1.4.2 Critical Technology Areas. 
• Feasibility of unpowered landing must be established. Flight tests with 
low LID with variable stability aircraft (e.g., CAL T-33) to simulate 
Space Shuttle flying characteristics are suggested. 
• Candidate landing fields for a returning orbiter should be identified more 
specifically. (Choice of an automatic landing system depends in part 
on the type of fields that will be used.) 
• Criteria fer vehicle handling qualities must be established. 
• Further analysis of run-way length requirement s is warranted. Identifi-
cation of potential landing sites should be included. 
• The need for powered landing and go-around elimination should be exam-
ined in the light of resultant major system weight benefits. 
• Further guidance simulation with Space Shuttle configuration and tra-
jectories should be perfo~ed, and guidance laws and landing system 
hardware requirements should be defined. 
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• Integration of approach and landing guidance with reentry guidance 
should be studied . 
• Roles of the pilot and automatic system should be defined further. 
• Required piloting aids .. - displays, controls, stability augmentation, 
etc. -- should be established. 
• Reliability requirements should be defined and system solutions 
. redundancies, moni,tors , switching logic, etc., -- formulated. 
• Further investigation of RF sensors for landing system updating is 
warranted. 
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This section is concerned with the capability of the orbiter and booster 
vehicles for self-ferry; i.e., to fly as an aircraft from one airfield to 
another. Ferry performance has been evaluated on the basis of a range of 
jet engine thrusts and fuel capacities. The restrictions on range and the 
problems of increasing range are discussed. Possible landing fields for 
ferry and considerations for in-flight refueling are presented. Also, a 
discussion is included of the tradeoff between accepting a low ferry range 
and increasing vehicle launch weight to increase the inherent range capa-
bility. 
5.2.1 Ferry Performance 
A parametric study has been made to establish the ferry capabilities of the 
orbi ter and ferry vehicles. The ferry operation is defined as a vehicle 
taking off over a 50-foot obstacle, climbing to altitude, cruising at 
altitud~, descendin& and landing. The parameters affecting this operation 
are as follows: 
• Jet Engine System. The parameters in the Jet engine system 
selected for these vehicles are thrust and specific fuel 
consumption and their variations with Mach number and altitude. 
• Operation. 
Vehicle Takeoff~ In this phase, the method of takeoff is essen-
tial to determilning how the vehicle will become airborne. The 
parameters affecting takeoff are vehicle weight, attitude of the 
aircraft in order to effectively use the vehicle's aerodynamics, 
and the surface conditions of the airport runway in rolling 
friction of the wheels on the runway. 
Climb to Altitude: The parameters influencing the phase are 
velocity or Mach number, and specific fuel consumption. The 
controlling factor here is establishing the most efficient mode 
to attain the desired cruise altitude. 
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Cruise: Since the cruise phase dominates the ferry range, it is 
essential that the fuel consumption during this phase be held to a 
minimum. The parameters affecting this phase are altitude and 
velocity. 
Descent: The mode of descent to accQmplish a successful landing 
of the vehicle is influenced by such parameters as descent velocity 
and vehicle altitude. 
Landing: (This phase of the ferry mission is described in section 
5·1. ) 
5.2.1.1 study Approaches 
• Jet Engine System. The jet engine system used in the study is 
representative of a Pratt & Whitney rubberized turbofan engine 
(bypass ratio of 5) assumed operating at maximum power for takeoff, 
and at maximum continuous power for climb. 
• Operation. 
Vehicle Takeoff: In this phase the approach was to assume that 
the vehicle uses four jet engines for takeoff at maximum takeoff 
thrust and clears a 50-foot obstacle. In this aspect the approach 
assumed that the vehicle maintains zero angle of attack until take-
off, where it is instantaneously" rotated to takeoff attitude; i.e., 
for the orbiter ex: = 20 deg and for the booster ex: = 15 deg. 
Climb: In this phase it was assumed that the vehicle climbed at an 
average velocity corresponding to that attained at an altitude 
midway between sea level and cruise. 
Cruise: In this portion of the study the ranges to be covered 
were maximized by Breguet's formulation of the range equation. 
Vehicle Descent: In this phase it was assumed that the distance 
covered in descent is identical to that covered in climb to 
altitude and that the fuel expended was half that used during climb. 
The performance profile for a typical ferry mission for the orbiter and 
booster vehicles is shown in Fig. 5.2-1. Goaround capability has not been 
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included in this study. The ferry performance presented here used the aero-
dynamics for the two vehicles shown in Fig. 5.2-2. 
5.2.1.2 Ferry Range Parametrics 
The carpet plots (Figs. 5.2-3 and 5.2-4) show the fuel required for four 
40,000-lb thrust engines to power the orbiter and booster 200, 400, and 600 nm 
at cruise altitudes of sea level, 5,000 ft., and 10,000 ft. In this study, 
the orbiter was assumed to have initial takeoff weights ranging from 250,000 
to 400,000 lbj for the booster the takeoff weights range from 300,000 to 
500,000 lb. From Fig. 5.2-3, it can be seen that the orbiter having a take-
off weight of 390,000 lb would have difficulty in cruising at 10,000 ft, since 
this vehicle is already at its service ceiling (rate of climb is 100 ft per 
min). 
From these figures, it can be seen that the effect of altitude is one of 
reduced fuel requirement. However, this advantage may be of minor signifi-
cance when evaluated over the range to be traversed. 
Other engine thrust levels have been analyzed; findings are as follows: 
• The significance of engine size is on rate of climb, service 
ceiling,and takeoff distance. 
~ Engine size did not affect the conclusions drawn from the 
carpet plots presented as far as range and fuel weight 
requirements. 
5.2.1.3 Takeoff Performance 
Takeoff performance has been investigated parametrically for the orbiter 
and bool3ter vehicles from the standpoint of effects of vehicle weight and 
jet engine size. The results are depicted in Fig. 5.2-5 for the orbiter 
and Fig. 5.2-6 for the booster. This study assumed sea-lev~l conditions 
and standard day operation. It i~;1 interesting to note here that at takeoff' 
the orbiter, with an angle of attack of 20 deg, uses a greater lift force. 
However, the booster must takeoff at a lower angle of attack (15 deg in this 
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study) to use the lower drag coefficient without drastically reducing the 
vehicles lift. At higher angles of a.ttack, the booster has difficulty 
taking off with four 40,000-lb thrust engines, and jet assist is necessary. 
This study is continuing to include the effects of hot and cold day and 
altitude performance as well as vehicle malfunct.ions. 
The other consequentiaJ. aspect of the jet engine is its influence on cruise 
altitude. rrhis effect is shown in Fig. 5.2-7, which shows the influence of 
vehicle weight and jet engine thrust on the orbiter's service and absolute 
ceilings. With the engines presently considered for the nominal launch 
system (four 25,OOO-lb thrust, sized for goaround), Fig. 5.2-7 indicates 
that the vehicle would be limited to a 10, OOO-ft ferry cru:l.se altitude. 
5.2.1.4 Per.formance Summary 
Figures 5.2-8 and 5.2~9, for t.he orbiter and booster respectively, relate 
the ferry mode to the vehicles making up the nominal launch systems. 
these figures it can be seen that: 
From 
• For the 50,000 lb of fuel for the ferry (replacing the payload with 
fuel), the orbiter cruising at 10,000 ft has a range of approximately 
350 nrn, and cruising at 5,000 ft its range decreases to 333 nm. For 
the same amount of fuel, the booster has a range of 368 nm if it 
cruises at 10,000 It, and if cruis~ng at 5,000 ft its range decreases 
to 350 nm. 
• Range is not significantly dependent upon engine: thrust. If the 
cruis~ altitude is below the service ceiling for the vehicle/engine 
combination, it can cruise at that altitude. 
• Both nominal vehicles using four 40,OOO-lb thrust engines have the 
capability of taking off in less than 3,000 ft of runway. 
• For both nominal vehicles, fuel weight has little eff:ect on landing 
distance, because most of the fuel wej.ght has been used, and the 
vehicle is near its empty weight. 
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The operational requirements and considerations for self-ferry heavily in-
fluence the need for ferry range. Self-ferry is required for such missions 
as return to launch base from an alternate landing site, and ferry from manu-
facturing plant to launch base. 
Figure 5.2-10 shows airfields in the 48 contiguous states that are candidates 
for Space Shuttle use. All have a minimum runway length of 10,000 feet and a 
minimum width of 200 ft. Excluded are some high density civilian airfields 
and all inactive fields. It is seen that for any ferry mission (including a 
West Coast to East Coast trip), a minimum ferry range of 300 to 400 nm would 
be required. rrh·~ most critical leg appears to be between Davis-Monthan _~B, 
Arizona and Holloman ~B, New Mexico. This is the most attractive route 
across the Con.tinental Divide, but still is a 300 nm leg over relatively high 
terrain with few emergency landing fields. 
Outside the 48 states the situation is much different. To return from over-
seas bases could require ranges in excess of 2000 nm (for example, from 
Ha"i{aii to the T,vest Coast); this, of course, would require inflight refueling. 
5.2.3 In-Flight Refueling 
In-flight refueling is attractive for extension of ferry range without incur-
ring the vehicle weight penalties involved in increasing jet fuel capacity 
and engine thrust. It appears that the "flying Doom" refueling technique used 
on Strategic Air Command B-52 bomoers will ~e applicable to Space Shuttle 
vehicles. Both the oroiter and booster ale expected to have stable handling 
characteristics during cruise and should be adequate for the stationkeepin,~ 
task required for refueling. Data on the capabilities of the KC-135 tanker 
were not available for this study, but it is anticipated that the data will ~ 
be compatible with the orbiter. The boos.ter's low-cruise airspeed might pos-
" 
sibly be a problE'm for a KC-13), but data were not available to confirm this. 
The major problems with in-flight refueling may well be those associated vith 
the low service ceiling of the orbIter and booster. iiesults of early analysis 
(section 5.2.2) indicate that both may be limited to near 10,OOO-ft altitude, 
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whereas refueling is normally done above 20,000 ft. At 10,000 ft, problems 
arise because of weather (higher probability of cloudiness), turbulence 
(ground heating effect), and terrain clearance over mountain areas. 
Nevertheless, as discussed in section 5.2.6, in-flight refueling offers the 
ability to increase ferry range without increasing vehicle weight. It should 
be investigated in depth if additional range is desired. 
5.2.4 Impact of Ferry Capability on Vehicle Design 
To reduce system launch weight, fuel tanks for ferry cruise have not been 
designed into the basic vehicles. For ferry, special fuel tanks will be 
added. 
For the orbiter, it is envisioned that the payload will be removed and a fuel 
tank installed in its place. The 15 ft by 60 ft payload bay has a volume of 
10,600 cu ft. Since 50,000 Ib of jet fuel would require a volume of only 1000 
cu ft, sufficient volume exists for any feasible fuel load. The limits would 
be based on such factors as takeoff distances and structural loads. Takeoff 
distances are discussed in section 5.2.2. The structural load capability 
would certainly exist for 50,000 Ih of fuel; the structural impact of loads 
beyond this value will have to be assessed. It is expec'~ed that landing gear 
loads during taxi and takeoff will become critical. 
For the booster, there is no payload to be removed, so the fuel and tank is 
an increment over the basic vehicle. Presently, it is envisioned that the 
i'u,el ,viII be carried in an externally mounted tank added for ferry, but this 
concept is not fixed. The effect of the added weight on structural loads 
will be assessed also. 
- " 5 ).e.. Conclusions 
In sect ion 5.2.2, with 50,000 Ib fuel for ferry, it '\lIas concluded that ferry 
range for both the booster and orbiter is limited to 300-400 nm. The question 
:now arises as to whether this rather low range should be accepted, or vThether 
the vehicles should be designed, for greater range. 
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With this limited range capability, there is a choice, for longer trips, be-
tween using in-flight refueling or landing frequently to refuel. The accept-
ability of this range limit in many respects depends upon the type of ferry 
missions that will be necessary. If there will be frequent long-distance 
missions, the operational requirements a.nd. problems associated with frequent 
landings and or in-fl:i.ght refuelings may be unacceptable. On the other hand, 
if long missions are infrequent, then most likely the operational inconven-
iences on those rare occasions would be tolerable. 
liUrther operational analysis is necessary to answer this question, but in any 
event it does appear that the 300-400 nm range provided by 50,000 Ib ferry 
fuel could be acceptable • 
.. 2 5 ') ). • • c; Implications of Increasin~ Ferry Range 
From Figs. 5.2-8 and 5.2-9 it can be seen that to increase ferry ran~e to, 
say, 600 nm requires a fuel load of 90,000 Ib for the orbiter and 80,000 Ib 
for the booster. In general, it can be stated that to carry these fuel loads 
will require modifications to the nominal vehicles described in Volume I of 
this report. 
For the orbiter, with the present four 25,000 Ib jet engines, Fig. 5.2-5 in-
dicates that a standard, day takeoff with 50,000 Ib of fuel requires 6500 ft 
of runway. Hith 90.,000 Ib of fuel, approximately 10,000 ft would be required, 
clearly an unacceptable takeoff run. Additional thrust for takeoff would oe 
necessary with 90,000 lb of fuel, requiring either larger jet engines or 
thrust augmentation such as after burners or JATO. The increased takeoff 
we ight (L~5, 000 to 60.,000 Ib) will increase structural design requirements, 
probably including design loads on the landing sear. 
The inevitable increase in orbiter empty weight will be reflected in an in-
creased dry weight ip orbit. To impose this penalty on the overall booster-
vehicle system appears undesirable at this point unless increased ferry range 
is a highly desirable characteristic. More analysis is necessary to support 
a requirement for longer range and the associated vehicle penalties. 
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SUMMARY OF ELECTRONICS COMPONENT TECHNOLOGY (1972) 
The evaluation of an integrated electronics systenl (IES) requires a projec-
tion of component types and characteristics that will influence the develop-
ment of this concept. Areas that have been reviewed are signal acquisition, 
computational elements and data storage and distribution. 
MISSION DEFINITION 
The requirement is for a multimission space vehicle used in earth orbit -
specifically, a cargo transfer spacecraft. Environmental considerations are 
mechanical (acceleration, vibration, and shock), physical (temperature, 
pressure, and radiation), and mission time. The first grouping has a rel-
atively mild requirement, resulting from a profile definition for "averat:se" 
personnel transfer. Thermal considerations, including active cooling if 
required, are the most important in the next Cr,:J1J.P_ Pressure is not 8. 
problem area, and radiation levels that are safe for man are light doses for 
electronic };"iece-parts (500, 104, and 107 RADS for man, M03, and bipolar 
respectively). The mission time requirement is considered to be the nost 
dif:t'icul t criteria to satisfy. 
DISCUSSION 
f:.lthough :projection based on };~ublished literature and interviews with 
various users and suppliers is hj :;hly subjective, C1Jrrent thinking can still 
be used to reJ.ate the development schedule to the 3-5 year gestation period 
(concept to flieht) for electronic systems. The consensus is that LSI 
(defincrlas 100 gates rer chip) will be available '..rith established reliabi Ii t~r/ 
confiden-:;e levels for most COmt:lon rJi 6itc.l runctions. These will be con-
stl~\J.cted by the use of both bipolar and P-MOS processes. Complementar~,r 
MaS (C-MOS) circuits \.;111 be developed in lesser quantities. 
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Hybrid circuits will be catalog items for applications requiring a 
variety of components, e.g., an oscillator requiring a crystal, resistors, 
capacitors, and semiconductors. 
It is believed that an integrated system designed and constructed today 
would have performance characteristics similar to those of the 1972 unit. 
Anticipated gains are improved reliability (fevTer parts), lower power con-
sumption (MOS parts), a slight speed increase (reduced external connections 
as well as piece-part improvements), and modest vleight and volume improve-
ments. 
Expanding upon the areas reviewed, signal acquisition implies conditioning 
(amplification/filtering), siBnal selection (multiplexing), .B,nd formatting 
(A/D conversion). Hybrid active filters, consistinG of IC amplifier, film 
resistors, and chip capacitors, will be used more extensively for signal 
conditioners. Reliability data will be available to support these selec-
tions, even though for limited application; however, no technology £unding 
is anticipated. 
MOS multiplexers will double in capacity (16 to 32 lines), but switchine; 
times without overlap will remain in the 1.5 to 2.0 microsecond range. This 
requires a large chip (130 x 130 mils) and a 50-pin package. Monolithic 
J -FET multiplexers recently introduced are undesirable because of the short-
ing type failure induced by power loss. 
Signal formatting (A/D conversion) will be done at the remote locations to 
reduce noise effects on data transmission. Historically six to eight bits 
have been used for missile system data links, because noise and errors as 
well as sensor resolution made finer measuremen.ts mean:i,ngless. Onboard d.ata 
processing will permit recovery of this information; hence the projected 
system will be 10 to 12 bits. 
Preliminary estimates affecting data rates are 2000 test points p 1 sample/ 
second (average) and 301')its (data, address, parity, and control). This 
requires a serial transfer rate of only 120 kHz for an :tnterrogate/response 
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operating mode. If all interface data transfer is managed, the data rate 
will increase by a factor of 30 (sample rate for computation functions esti-
mated at 10 samples/second, average, and triple redundant units). This re-
sults in a total system data rate of about 3.6 MHz without margin for growth. 
(The S3A ASW aircraft will use a single bus transfer at 6 MHz.) MOS logic 
requires a single chip with a maximum conversion of 400-500 kHz per bit, 
while bipolar needs four chips with a 3-4 .MHz per bit capability. The 
number of buses used in a design will affect component selection (bus data 
rate = .§.'stem dat!l rate). 
number of buses 
Submultiplexers will provide a digital-to-digital capability to reduce the 
distribution bus requirements. They will probably use bipolar elements 
for a high-speed capability. 
Tuo other components used in the formatter (A/D converter) are the com:r:-arator 
amplifier and the ladder network. The amplifier will be a hybrid un1t to 
satisfy the characteristics of high-slew rates, high-input impedance, and low 
drift (matched components). The ladder network will probably be thick film 
resistors (14 bits resolution currently produced), although thin films are 
also available if design analysis indicates a need for greater stability. 
The selection of preferred logic elements will be based.on various items. 
Reliability considerations indicate that the largest available arrays are 
desirable in imp1ementing the design. Table 1 outlines projected growth 
for the various logic families. Discretionary wirin~ has circumvented 
the yield problem by cell selection with unique interconnections. 'rhe tech-
nique, developed for e.. high-speed, phased-array radar is an expensiv'e process, 
and the reliability for a "one ... of-a-kind II desie;n has not been firmly es-· 
tablished. Approach feasib5.1ity has been demonstrated, and questions on its 
competitive position (wrt cost/rel::f.ability) should be ascertained by 1972. 
The average density for fixed interconnection bipolar devices will grow from 
35 (current MSI average) to about 100 gates/chip, with a few devices at 
the 200-gate level. No significant technology changes are expected; gradual 
improvements in. process controls and personnel will permit fabrication of 
B-3 
LOCKHEED MISSILES & SPACE COMPANY 
« • 
• '* _....",.~:.w_!.I" "-+.h "_,_ •. 
" ,\l 
: t 
i 
i 
I' 
I 
fmc/ A959837 
Vol. III 
devices with reduced geometry and st'rface leakage. The yield problem is 
less severe for MOS. The devices have a 20:1 size advantage over bipolar 
transistors and simpler processing (38 versus 135 steps). I,ow thresholds 
(1-2 volts) will be the more comrnon MOS device. C-MOS will not have a broad 
product line a.nd will not be a contender in the 1972 time frame. The most 
dense arrays will be in MOS technology with discretionary wiring as an alternate 
if current uncertainties are resolved. 
The second area is speed~power considerations. Figure 1 shows the cost for 
achieving high speeds. Multiprocessors degrade reliability by increasine 
parts count, as demonstrated by the parameters given in Table 2, (~esign study 
of a 24-bi t arithmetic unit using various logic families) • Equivalent per-
formance can be approximated by using three times the low-power devices 
(i.e., 5.4 watts and 336 parts) and four times the MOS (7.2 watts and 68 
parts). On the basis of these numbers, MOS-LSI is the logical selection for 
a multiprocessor computer. 
The speed/power characteristics for each logic family (Fig. 2) show MOS 
d.evices to be limited. to about 5 MHz, !-lith a rrojected growth to 10 MHz by 
1972. The latter should be adequate for the computer design. However, 
MOS is relatively inefficient when used for combinatorial 106ic other than 
sequential arrays. Bipolar logic with multjlayer metalization (three levels) 
is much more flexible as well a.s faster. The projection is that bipolar 
devices "rill be used for control logic and ::Lnterface elements. 
The current trend in packaging technology is the use of hybrid circuits. 
The reliability gained by reducing interconnections is r-artially offset by 
the lengthy high-tewperature operation necessary to mount multiple chips 
on the substrate. The major advantuges a.re the application of semiconductor 
process controls to packaging and the effective increase in deyice density. 
t 
Eightto 10 discrete integrated circuits per package are being routinely pro-
duced. 
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Logic Family 
Parameter 
Gates/chip 
Operating speed 
Pow'er (static) 
Power (dynamic., 
1 MHz) 
~ ~ ~ .-... . ., ~ ~- - - -I j {. :t i .... J 
Table 1 
ESTI~~TE OE' 3EMICONDUCTOR PA~ffiTERS (1972) 
Bipolar P-MOS 
Fixed Discretionary 
Interconnect Wiring Static Dynamic 
b9 72 b9 72 b9 72 69 72 
73 200 500 1000 100 200 426 1000 
5-15 5-20 5-15 5-20 2 5 5 10 
10-50 1.5-50 10-50 1.5-50 .5-1.5 .1-.5 5X10-6 1X10-6 
10-50 1.5-50 10-50 1.5-50 .5-1.5 .1-.5 10-1 5X10-2 
- --
C-MOS 
69 72 
18 400 
2 
10-5 5X10-6 
5 5 
Note: Current estimates for the ultimate CKT/CHIP are 400 (~ixed bipolar), 10,000 (discretionary 
wiring), and 50 J OOO (MOS). Bipolar devices can be operated in excess of 100 MHz; P-MOS 
is limited to 10-15 MHz. 
Function TrL 
Add time 0.54 
Multiply time 5.46 
Power 9.5 
Parts 112 
~~\1\i-~~o. ,. ",I:" ' ~ 
Table 2 
ARITHMETIC UNIT SljMMARY 
~ ...... ,=,~­
.. < 
TTL (Low Pvrr'J 
1.4 
14.0 
l.b 
112 
\ 
.. -
MOS Units 
2 ,....«.sec 
24 ~sec 
1.8 watts 
17 each 
-=-
---
Units 
each 
MHz 
mw 
mw 
~i 
·0 
............ H:t> 
H\O 
H\n 
'g 
W 
-...J 
II! 
150~------.-------~--------.-------~ 
>< :s~ 
~1'I.l ~ ~ 100 ~--~---+------_+-------~------_I ZZ 
00 
..... CJ E-<~ 
C3~ p; ~ 50 t--------+-~----_+-------t__-----_I 
0--~ (.ECL 
~ 180 MHz) 
o ~------~------~------.--~------~ o 50 100 150 200 
POWER (MILLJWATTS) 
Fig. 1 Speed vs Power for TTL Flip-Flop 
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Fig. 2 Speed and Power Characteristics for Logic FaIpilies 
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The memory functions are read-only-memories (code conversions, look-up 
tables, etc.), scratch-pad memorie,G (short-term data storage), main memory 
(program and data storage), and mass memory (offline storage). Read-only-
memory types! are core "rope," 'bipolar arrays, MOS arrays, and silicon-on-
sapphire (experimental). Direct compatibility with the processing logic 
makes the bipolar and MOS prime candidates for this application. Bipolar 
densities will increase from 256 to 1024 bits by late 1970, with a 50 nano-
second access time. MOS devices will grow from 2048 bits to 4096 bits, with 
approximately 200 nanosecond access times. 
The projected eharacteriEtics for both the scratch pad and main memory functions 
are given em Table 3. Scratch pad memory must match the logic speed of the 
systemj in this case, the MOS processing logic prevails. Desirable charac-
terjostics of the main memory are NDRO, nonvolatile, low-drive currents «200 ma) 
and short-cycle times. Plated wire and planar thin film types, both requir-
ing close process control, satisfy these criteria. 
Many new types of offline data storage have been presented or are jon develop-
ment stages. Beam-scanning approaches, optical and electron, are in the 
laboratory and cannot be considered. Thermoplastic recording has no known 
user, and dielectric recording developed under NASA Godda.rd is nearine; flight 
test. This is prim°arily a video system; data retrieval has not been incor-
porated in the equipment. Magnetic 'recording techniques are the most ad-
vanced and probably the safest to use. 
Data distribution buses for transfer rates ,.,ill be transformer-coupled 
balanced lines with pulsed serial data. Hybrid driver circuits will replace 
discrete dOesiens for the longer l:i,nes . Monolithic receivers will be 
essentially the same. Preliminary design analysis on the S3A systems (oper-
ating at 6 MHz) has indicated that this approach is adequate. Alternate 
designs, such as PM carrier or fibre-optics, are potential candidates to 
improve data fidelity. Although the principles involved are well established., 
neither of these techniques has been demonstrated. 
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Table 3 
ESTn,1ATE OF CIU~RACTERISTICS FOR fI·1EMORY ELEMENTS (1972) 
Plated 
(. ~ MOS ----Bipolar Core - Wire 
r Read-out NDRO NDRO DRO NDRO/DRO 0 
n 
. Full-cycle time 0.2 0.05-0.1 0.5 0.2 
" J: Array size 256 X 1 128 X 1 16 k X 128 4 k X 128 rrI 
rrI 
0 V~()latili t.v 
--''''';--
Yes Yes No No 
~ 
.Read durrent 400 200 
-(/) 
(/) Hrite current 400 200 
-r Bit current 400 30 rrI 
(J) to I 
SP OJ Sense voltage 20 - -2.5 
(J) Standb~{-powe r v".w) 200 1000 0 0 
1J 4.5 k 1.4 k > PackinB density 15 k 7.2 k 
n (bpsi) rrI 
2-1!2D n Organizat.ion LS L5 LS 
0 
~ Batch process les Yes No Semi 
" Cost/bit (cents) 1-4 »- 4-5 1-2 2-4 z 
~ 
I ..... 
Thin 
Film 
DRO/NDRO 
0.2 
1024 X 64 
No 
150-200 
150-200 
+ 25 
~0.5-1.5 
0 
3.2 k 
LS 
Yes 
2-3 
Monolithic 
F€rrites 
DRO 
0.5 
':2'56 X 100 
No 
400 
100 
35 
4-10 
0 
10 k 
LS 
Yes 
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LMSC is cU.i"'rent:Ly developing, under an independent development program, a. 
data terminal concept; several units are scheduled for fabrj.cation. In 
brief, the data bus is tapped as required. by small modules that contain de-
coding logic (address and data) and the necessary signal conditioning for 
that function. Flat cables will be used as the bus media, with operation 
at 100 kbps. The approa.ch reduces direct wiring, ensures a compatible 
interface for each unit, and virtually eliminates junction boxes. This 
technique, when demonstrated, is directly applicable to the IES concept. 
CONCLUSIONS 
An integrated electronics system (1912) has ,been hypothesized and components 
selected to satisfy the need. Details and. rationale are given in Table h. 
In consideration of the development schedule, only antjcipated off-the-
shelf units have been selected f:Jr thi.s "final" d.esign. Mechanization 
chanr;es to accommodate this available component concept will not signifj-
cantly ai'fect performance paraneters. 
I 
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II 1: -; 
~ i1 j..I, 
INTEGRATED ELECTRONICS SYSTEM (1972) ~ 
Function Component Range 
Signal Acsuisition 
Conditioning Hybrid dc 50-kHz 
acti ve filters 
Selection MOS-LSI 32 lines 
Formatting Success approximates 10-12 bits 
A/D converter 
Control logic 
Ladder network 
Bipolar 
logic/switches 
Hybrid 
comparator 
amplifier 
Bipolar-LSI 
Processing logic MOS-LS~ 
,!5 volts 
100 gates 
200 gates 
B-lO 
Rationale 
.' 
Specialized applications 
(wrt gain and dynamics) 
result in continuing 
current technology 
Expected growth on 
150X150-mil chip and 
44-pin package 
Analog signal with noise 
requires 6-8 bits. Pre-
sumes data recovery by 
onboard computer processing 
Current thick film tech-
nology i5'14 bits 
Approachj.ng 4-MHz bit 
rate in data conversion 
Custom de~)ign for high-
speed (100V~sec), low 
drift operation 
High-speed (> 10 MHz) and 
greater flexibility (made 
possible with mul~ilayer 
. meta1ization) necessary for 
'\ data control 
I ]: l' 
:It r 
I 
I 
I 
I 
I 
I , 
I 
I 
I . , 
I 
Adequate speed (2-5MHz) for I 
multiprocessor operations 
(giving inherent redundancy), I 
low-power consumption, and 
imP,roved re1iabi,lity 
I 
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Function 
Memory 
Read-only 
memory (ROM) 
Scratch pad 
memory (RAM) 
Main memory 
Component 
~lOS-LSI 
1-10S-LSI 
Plated wire 
Mass st<)ra.ge Magnetic tape 
Data Transmission 
Transformer Hybrid drivers 
coupled balanced 
line 
Range 
4096 "bits 
256 bits 
1-10 MHz 
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Rationale 
Replace command/computa-
tion functions with 
look-up tables 
200 nanosec cycle times 
and output directly com-
patible with process logic 
I 
Combination of NDRO, and 
nonvolatile operations 
with average power and 
cycle times (0~3~sec) and 
fair development status 
De.'velopment status in-
adequate on other tj~ch­
niques as compared to 
magnetic tape 
Insufficient experience 
with RF or lase~" links 
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REQUlREMIDNTS DEFINITION EXAMPLE (PROPULSION) 
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Each of the nine subsystems was reviewed and analyzed for the control, moni-
toring, and testing requirements. The interface, test pOints, and power 
were then estimated. The analysis was made by operational phase so that the 
loading on the various electronic system configurations could be determined. 
Descriptions of the subsystems were extracted from the related studies, and 
routines were estimated. A portion of the propulsion subsystem requirements 
analysis has been extracted to serve as an example. The engine ignition 
and operational power has not been determined. 
The requirements presented are best estimates at this time and will be 
continually changed and refined. Sufficient information has ?een made avail-
able, however,. to conduct the study with a high degree of confidence for 
fulfilling the finalized system needs: A contingency allowance" of 20 per-
cent across the. board was included in the study to permit fairly extensive 
requirement changes. 
The propulsion subsystem provides the impulse for launching, controlling, 
operating, reentering, and landing the ILRV. Portions of the subsystem 
, 
are required for each of the operational modes, Le., launch, injection, 
orbit transfer, orbital maneuvers, reentry, and landing. 
The propulsion subsystem is comprised of three major units: primary propul-
sion, reaction control, and landing-aid propulsion. 
The primary propulsion system consists of three (or five) high-pressure, two-' 
position, bell-nozzle Pratt & Whitney rocket engines and the propellant supply, 
which includes retro-propellant, valves, disconnects, vents, manifolds, and 
,. 
interconnecting plumbing. Also included are the engine control circuits, 
the propellant management system, the monitoring and sensing transducers, 
the checkout and fault-isolation circuits, and the displays. In addition 
to thes.e are the safety monitors and controls such as the leak detectors. 
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The reaction control system consists of three clusters of thru/3ters (14 
thrust chambers), propellants, pres surant , valves, disconnects, vents, 
bursts discs, manifolds, and interconnecting plumbing. Also included are 
control circuits, propellant management system, monitoring and. sensing 
transducers, checkout and fault isolation circuits, displays, and safety 
monitors. 
The landing-aid propulsion system consists of two turbojet engines, pro-
pellant supply, valves, disconnect, manifold, and interconnecting plumbing. 
Also included are engine control circuits, propellant control circuit, 
monitoring and sensing transducers, checkout and fault isolat;lon circuits, 
engine-pos i tioning controls, and displays. A safety control 'fli th monitors 
is also included. 
The sequence of.~vents, which follows, illustrates the propellant loading, 
\" 
the primary engine ignition sequence, and the primary propellant utiliza-
tion and management from prelaunch to~injection. 
'.~ 
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Phase Event 
Preflight 
Prepellant Leading 
Conditien/Requirement 
.011 vehicle and GSE components 
In "go" conditions 
Initial cenditien All valves clesed. Tanks 
cleaned. Area centrel -
safe 
Lead JP-,5 for 
Turbejets 
Load RCS 
Lead GHe (2) 
Primary Prepellant 
Load tanks 
Meter and control fill 
from OSEe Disconnect 
:fill lines 
Check pressure with aSE 
and meter with aSE 
Check pressure with aSE 
and meter with GSE 
Check pressure with GSE and 
. meter fill with GSE 
Ail tanks cleaned and 
filled with gas. All valves 
closed 
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Centrol/Monitoring 
"Go" cenditiens displayed 
for' propellant loadlng 
Monitor valve pesitien. 
Onboard detecters ener-
gized. Safety interleck 
system - ".on" 
Monitor capacitive IJrobes -
calibration. VerifJ 
valve positions and valve 
fill sequence. Visual 
l.nspectien fer leaks, 
spills, etc. 
Calibrate and monitor 
pressure transducers. 
Maintain temperature 
menitering. Verify 
valve pesitions. Check 
relief valve 
Calibrate and monitor 
pressure transducers. 
Maintain temperature mon-
itering. Verify valve 
positions meter during 
fill check fer leaks 
Calibrate and moniter 
pressure transducers . 
Maintain temperature 
m.onitoring. Verify 
valve positions meter 
during fill check for 
leaks 
i 
... I 
Valve positiens verified. 
I . -Tank temperature and 
I "t' C pressure men1 .orea. .on-
ditien .of equipment and 
status .of system displayed 
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Phase Event 
He purge 
Chilldown 
GH2 
GOX 
Hold and top-off 
C~RGO DELIVERY 
Launch 
Preignition 
Condition/Requireme~~ 
Purge system activated 
Leak detection system 
activated 
All fill lines, storage 
tanks, venting, and, safety 
system activated 
Same as GH2 
Same as chilldown 
Maintain purge system 
operation. Maintain line 
temperatures. Maintain 
pressure and venting. 
Maintain liquid levels 
Engine valves open. Engine 
lines and pumps chilled 
and filled with LOX and LH2 
Isolate tanks. Pressurize 
tanks with GSE He. Discon-
nect fill lines. 
ij 
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ControlLMonitoring 
Onboard He purge system 
valve, flow, tempera-
ture, and, pressure moni-
tored and controlled 
Monitor and di splay safety 
system. Initiate cryo-
genic propellant lo~ding 
sequence 
Temperature, pressure, 
liquid level, flow meters, 
etc., monitored and dis-
played. Vents monitored 
Same as GH2 
Follow loading program. 
General sequen.ce: fill LH2 
tanks then fill LOX tanks. 
Maintain vehic!:le balance. 
l Flll at maximum rate 
Continue status and con-
dition monitoring. Con-
tinue display:: 
Tempe ra ture 
Pressure 
Valve Position 
Propellant Distribution 
Flow meters 
Vapor/liquid 
teak detectors 
Liquid level 
Electrical " voltage current" 
C~ose valves. Control 
pressure. Continue leak 
detection. ' 
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Phase Event 
Ignition 
Launch to Injection 
Primary propulsion 
Propellant 
utilization 
Propellant 
management 
Condition/Requirement 
Engine ignition sequence. 
Combustion chamber valves 
open. Pumps star. Engine 
to 10% thrust in. 2 secs; 
engines start at 200-250 
msec intervals 
Control LOX/LH2 ratio 
Control spacecraft trim 
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Control/Monitoring 
Initiate start by command 
sigpal to engine· control'~' 
Monitor and display se-
quence. Engine ienition 
sequence 
Continuous monitoring, 
comparing of LOX and 
LH flow, level in tanks. 
Bafance spacecraft eM 
by controlling flow from 
each main tank monitor~ 
contJ;'ol all tanks. Main-
tain tank pressures 
A more detailed description of the control and monitoring requirements was 
then prepared. The initial conditions were stated.; the number of valves, 
commands, and sensors identifiedj and an estimate of the rates stated. The 
l;rimary propellant loading routine, engine starts, run, and shutdown routines, 
and the reaction control system propellant loading :follow. 
'I 
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Initial Conditions 
1. > Instrumentation 
PRIMARY PROPULSION -
CRYOGENIC PROPELLANT LOADING ROUTINE 
All valves closed 
All tanks and lines purges 
Tanks, engines, and manifolding at ambient temperature 
~ctivate monitoring system ~nd propellant management 
Monitor valve positions 40 valves @ 1 sps each valve 
Monitor liquid le"\Tel 9 sensors @ 1 sps each 
Monitor tank temp press 61 sensors @ 1 sps each 
2 •. Safety System Activate Leak detectors 8 sensors @ 10 sps each 
4 cmos @ 1 per sec (External to tanks) Activate He purge lines 
3. Liquid Hydrogen Open fill line, tanks, vent valves 10 CMOS @ 1 per sec 
Fill Monitor valve positions 40 valves @ 1 sps/valve 
Monitor tank pressures 16 sensors @ 10 sps each 
Vent AT - psig (crna/automatic) BCMD diE1crete 
Monitor temperature 45 sensors @ 5 sps each 
0 4CMD discrete l' Increase fill rate at K 
Monitor level in each tank, CP 9 sensors @ 5 sps each 
Monitor level in each tank, OPS 35 sensors @ 1 sps each 
Close valves as tanks fill SCMD discretes 
Close main fill line valve lCMD discrete 
4. Liquid HydrOGen Monitor tank pressure 16 sensors @ 1 sps each 
Hold Monitor tank temperature 45 sensors @ 1 sps each 
Vent at ___ psig or OK BCMDS discrete 
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PRIMARY PROPULSION 
r:-1 ~.-:--1 
CRYOGENIC PROPELLANT LOADING ROUTINE (Cont'd) 
r-: ,,~ ~.+ ,-
Liquid Oxygen Fill Open fill line, tanks, vent valves 
Monitor valve positions 
Vent at psig (CMD/automatic) 
Monitor temperature 
oK Increase fill rate at 
Monitor level in each tar~, CP 
Monitor level in each tank, OPS 
Close valves as tanks fill 
Close main fill line valve 
Liquid Oxygen Hold Monitor tank pressure 
Monitor tank temperature 
Vent at __ psig or oK 
m2 Top Off Open fill line valve Open each tank fill valve 
LOX Top Off Open fill line valve 
Open fill line valve 
ii·_r.lu'1if.-_~~;:·:--~--'-'~ ;o.! ',. 1'( ,r:;-~_ .'<.~" t .. ' 
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r-"I . _~ __ J -~ 
10 CMDS @ 1 per sec 
.....--.., 
. .1 
40 valves @ 1 sps/valve 
BCMDS discrete 
45 sensors @ 5 sps each 
4CMDS discrete 
9 sensors @ 5 sps each 
35 sensors @ 1 sps each 
BCMDS discrete 
lCMO discrete 
16 sensors @ I sps each 
45 sensors @ 1 sps each 
BCMOO discrete 
lCM]) discrete 
BCMDS discrete 
1 CMD discrete 
BCMDS discrete 
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PRIMARY PROPULSION 
PRIMARY ENGINE STARTUP, RUN, AND SHUTDOWN ROmINES 
Initial Conditions 
1. Instrumentation 
2. Cooldown Routine 
3. La!rnch disconnect 
/i 
4. Start Engines 
5. Propellant Supply 
(Boost Phase) 
c:::J c:::l r_ I' "'----' 
Propellant loaded, topped off, and in hold condition 
Engine propellant manifold, engine cool down valves 
Engine bypass valves, and engines at ambient temp 
Engine nozzles set to initial burn position 
Propellant instrumentation, and valve monitoring 
Operating 
Set fuel/oxidizer ratio 
Set throttle positions 
Monitor engine pressures 
Monitor engine temperatures 
Monitor engine position controls 
Monitor ~~2 & LOX pump rpm 
Monitor LH2 & LOX flows 
Monitor ignition voltage 
Sequence manifold valves 
from temperature sensors 
Propellant line disconnects 
5 CMDS discrete 
5 CMDS discrete 
25 sensors @ 5 sps each 
20 sensors @ 5 sps each 
25 sensors @ 5 sps each 
10 sensors @ 5 sps each 
10 sensors @ 5 sps each 
5 sensors @ 5 sps each 
30 valves @ 1 per sec max 
3 CMDS discrete 
Sequence start (one eng. every 250 ms): 5 CMDS 1 per sec 
ignition signal, :LOX flow, 
LH2 flow, flow rates, etc. 
BaIance pump speeds 
LOX Supply valving 
LH2 supply valving 
~ t:~ ~ ED 1-'''''3 F';;::;;;;:::;:l ............... 
10 CMDS discrete, l/sec max 
10 CMDS discrete, l/sec max 
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PRIMARY PROPULSION 
PRIMARY ENGINE STARI'UP, RUN, AND SHtJrn01-1N ROmINES (Cont' d) 
6. Run Engines 
7. Propellant Supply 
(Boost) 
(Injection) 
8. Engine Shutdown 
\ . ..> 
Nozzle positions 
Throttle positions 
Fuel/oxidizer ratio, course 
fuel/oxidizer ratio, :fine· 
Engi~e control - operating limits 
LHi level, temp, press 
LO level, temp, pres 
LH level, temp, press LO~ level, temp, press 
Valves - tank balance 
Throttle back 
LOX Supply off 
Ignition o:ff 
Cooldown - L~ f'101v 
Ul2 supply oIT 
5 CMDS discrete, 10sec/C~ID 
5 CMOS Cont. @l 0.1 sec/ CMD 
5 CMDS 1 per second 
5 analog 200 ms/sigmit 
90 sensors 10 sps 
6 sensors 5sps each 
26 sensors 5 sps each 
54 sensors 1 sps each 
54 sensors 1 sps each 
30 CMDS 1 CMD every 5 sec 
5 CMOS discrete 
10 valves 2 CMOS/sec 
5 CMOS 1 per sec 
10 sensors 5 sps 
10 valves '2CMDS/sec 
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Initial Gondj.tions 
1. Instrumentation 
2. Load GHe 
(5-10 min) 
3. Load N204 
("': 
'-' 
c:::l c:::J Cl= 
i ..... 
REACTION CONTROL sysr.rEt-1 PROPE;LLAtIT' LOADING ROUTINE 
All tank, line, and thruster valves closed 
Tanks, lines, etc. purged and ready for loading 
Tanks, ltnes, thrusters at ambient temperature 
Activate monitoring system 
Monitor valve positions, voltage 
Monitor liquid level, CP 
Monitor tank and line temp press 
Monitor tank temp ,and press 
Open gas fill line valve 
Open tank No. 1 valve 
Fill to 4500 psia, close valve 
Open tank No. 2 valve 
Fill to 4500 psia, close valve 
Close gas fill line valve 
Monitor tank temp press 
Monitor ta~~s, temp pressure, level 
Open ~204 fill line valves, 2 
Open N"20L. tank No. 1 valves, 1 
Fill tank No.1, close valve 1 
.Open N20 tank, No. 2 v:alve, 1 Fill tarik No.2, close valve, 1 
Close fill line valves, stop monitoring 
_ill -~ IiiIBJ IIi!iiI Ijii= === e.::u 
lC~, 
27 valves @ 1 sps 
4 sensors @ 1 sps each 
38 sensors @ 1 sps each 
10 sensors @ 10 sps each 
1 C~ discrete 
1 CMf) discrete 
I C~ discrete 
1 C~ discrete 
1 C~ discrete 
1 C~ discrete 
10 sensors @ 0.1 sps 
12 sensors @ 10 sps each 
2 C~S discrete 
1 CMO discrete 
1 CMO discrete 
1 eMD discrete 
I CMOS discrete 
3 CMOS discrete 
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Along with the sequence of events, functional descriptions of the subsystem 
rate and routine estimates and a tabulation of the required equipment and 
instrumentation were made on an operational phasing' basis. An example of 
this tabulation follows. 
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PRECEDING PAGE BLANK NOT FIL~AED_ 
2.1 Main engines 
2.1 Operational Control 
Start/stop-run 
2.1 Instrumentation 
Press, LH2 pump 
LOX: pump 
Main Burn Lox Inject. 
Preburner chamb 
Temp, 
Prebumer LH2 Inject 
Prebum Chamber 
Main burn Chamb Skin 
Heat exchange discharge 
Nozzle coolant dis'. 
Position, power lever 
P.U. input 
Prebum LH valve 
Main Burn tox valve 
Preburn LOX valve 
RPM, LH2 Pump 
LOX pump 
Flow, LOX 
LH2 
Voltage, supply 
Helium pressure-GSE 
2.3 Disconnect, DCV 1 
DCV? 
DCV 3 
2.3 Cooldown valve, CDV 1 
CDV 2 
CDV 3 
2.3 Bypass valve BV 1 
BV 2 
BV 3 
BV L-
BV 5 
BV 6 
BV 7 . 
i 
C/O 
Routines 
Indicator 
Indicator 
Indicator 
Indicator 
Indicator 
Indicator 
Load 
Vent 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
DiEi'crete 
Discrete 
Discrete 
Discrete 
FOLDOUT FRAME . ( 
II 
La.unch-
Injection 
All 
Prog 1 
5 SPSl(-
5 SPS 
5 SPS 
5 SPS. 
l"" SPS ~") 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
Discrete. 
5 SPS 
Discrete 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
INTEGRATED ELECTRONI~ 
Orbit 
Insertion-
Rencl.ezwous 
1-5 
Prog 2 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1 
1 
"j l, 
1 
1 
5 
5 
5 
5 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
Event 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
Docking-
Transfer 
None 
1 SPS 
5 SPS 
5 SPS 
.01 SPS 
.01 SPS 
.01 SPS 
I 
.01 SlTS 
.01 SPS 
.01 SPS 
.01 SPS 
PHASE 
Or 
S 
No 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
.01 
INTEGRA TED ELECTRONI:~!ROPUL§!ON SUBSYSTEM 
PHASE 
II --III ----IV----V----VI ----V:U --- VIII 
La.unch-
Injection 
All 
Frog 1 
5 SPS?*-
5 SPS 
5 SPS 
5 SPS , 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
Discrete 
5 SPS 
Discrete 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 S'PS 
1 SPS 
1 SPS 
Orbit 
Insertion- Docking-
Rende70VOUf: Trc?nsfer 
---~--
1-5 None 
Prog 2 
1-5 SPS 
1-5 SPS 
1-5 SPS 
1-5 SPS 
1-5 SPS 
1-5 SPS 
1-5 SPS 
1-5 SPS 
1-5 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
5 SPS 
5 SPS 
5 SPS 
5 SPS 
Event 
1 SPS 1 SPS 
1 SPS 5 SPS 
1 SPS 5 SPS 
1 SPS .01 SPS 
1 SPS .01 SP.s 
1 SPS .01 SPS 
1 SPS ,.01 SPS 
1 SPS .01 SPS 
1 SPS .01 SPS 
1 SPS .01 SPS 
Orbital Deorbi t-
stPy Entry Lpnding Post-flight 
None 1-5 As req'd 
Routines 
Frog 3 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5. 
1-5 
1 
1 
1 
1 
1 
5 
5 
5 
5 
Cooling 
Vent 
.01 SPS 1 SPS .01 SPS Discrete 
.01 SPS 1 SPS .01 SPS Discrete 
.01 SPS 1 SPS ~01 SPS Discrete 
" 
.01 SPS t<SPS .01 SPS Discrete 
.01 SP S 1 sf,s .01 BPS Discrete ,t 
.01 SPS 1 spl'" ,,!) ".01 SPS Discrete 
1 sWS .01 SPS Discrete' .01SPS 
.01 SPS 1 $PS .01 SPS Discrete 
.01 SPS 1 SPS .01 SPS Discrete 
.01 SPS 1 SPS .01 SPS Discrete 
'-,'" .-,.. i=RA'M' E <) FOUJtJtJ s ). ' d--. 
Go-no g 
Sta.rt e 
Adjust 
Reqd pe 
Conditi 
Conditi 
Conditi 
Conditi 
Conditi 
Conditi 
Conditi 
Conditi 
Conditi 
Primary 
Primary 
Primary 
Primary 
Primary 
Primary 
Primary 
Supplie 
" 
Supplie 
I 
.\ Engine 
Initial 
Connect 
I: Connect 
11 Connect 
;1 
t' Open/c1 
II 
:1 
Open/c1 
Open/cl 
!) , Open/en 
'I Open/cl
1 
.: 
;j 
it Op~/clq ;r 1/ I 
il OpEID, clq 
;; Open/clq H 
~ i Open/cld 
II Open/clo n 
ii 
F( 
PROPULSION SUBSYSTEM 
rbi tal 
,3t~y 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
Deorbit-
Entry 
1-5 
Prog 3 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1-5 
1 
1 
1 
1 
1 
5 
5 
5 
5 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
0, , .... --"',rr F'LUVUi FRAME ;l 
Post-flight 
As req'd 
Routines 
Cooling 
Vent 
.01 SPS Discrete 
.01 SPS Discrete 
.01 SPS Discrete 
,t( 
.01 SPS Discrete 
.01 SP!S Discrete 
I 
.01 SPS' Discrete 
.01 SPS Discrete· 
.01 SPS Discrete 
.01 SPS Discrete 
.01 SPS Discrete 
,I 
I 
,I 
'I . 
u 
;1 
, 
, 
:1 
il 
" ;1 
Remarks 
r 
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Go-no go , 
Start engines - 1 second increments - on cmd 
Adjust flo ratio and thrust levels - on cmb 
r 
Reqd per engine during engine burn 
Condition monitor 0-5 vdc output 
Conditio~ monitor 0-5 vdc output 
Condition monitor 0-5 vdc output 
Condition monitor 0-5 vdc output 
Condition monitor 0-5 vdc output 
Condition monitor temp probe 
Condition monitor thermocouple 
Condition monitor temp probe 
Condition monitor temp probe 
Primary measurement lin or L pot 0-5V 
Primary measurement lin or L pot 0-5V 
Primary measurement lin or L pot 0-5V 
Primary measurement lin or L pot 0-5V 
Primary measurement lin or L pot 0-5V 
Primary measurement freq to DC 
Primary measurement freq to DC 
Supplied with engine 0-5 vdc 
Supplied with engine 0-5 vdc 
Engine ignition - volt monitor 
Initial pressurization only - ground supply 
Connect/disconnect, LH2 Leak Det, DT 
Connect/disconnect, LH2 L~ak Det, SC 
Connect/disconnect, LH2 Leak Det, SC 
Open/close 
Open/close 
Open/clGse 
Open/dIose 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
~ 
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PHASE 
I II III IV 
'if Orbit 
[ Launch- Insertion- Docking- Or !2:eflight Injecti~ Rendezvous Transfer S 
2.3 Engine Main Valve EMV 1 Discrete 1 SPS 1 SPS .01 SPS 
~: EMV2 Discrete 1 SPS 1 SPS .01 SPS EMV3 Discrete 1 SPS 1 SPS .01 SPS 
~: 2.3 Propellant main Valve PMV 1 Discrete 1 SPS 1 SPS .01 SPS PMV 2 Discrete 1 SPS 1 SPS .01 SPS PMV 3 Discrete 1 SPS 1 SPS .01 SPS 
f)\ PMV 4 Discrete 1 SPS 1 SPS .01 SPS Ll", 
fj .. 2.3 Vent valve VV 1 Discrete 1 SPS 0.1 SPS .01 SPS 
VV 2 Discrete 1 SPS 0.1 SPS .01 SPS 
~~ VV3 Discrete 1 SPS 0.1 SPS .01 SPS 
Ii vv4 Discrete 1 SPS 0,,1 SPS .01 SPS 
...... 
VV5 Discrete 1 SPS 0.1 SPS .01 SPS 
[ 2.3 Check Valve, OV 1 Discrete 
OV 2 Discrete 
OV 3 Discrete [ 2.3 Spacecraft LH2 Tank 1 
[ Liquid level, OP 1 :; SPS load 1 SPS 5 SPS burn .01 SPS On Optical Pt., OPS 11 5 SPS load 1 SPS 5 SPS burn .01 SPS On OPS 12 5 SPS load 1 SPS 5 SPS burn .01 SPS On 
OPS 13 5 SPS load 1 SPS 5 SPS burn .01 SPS On 
[ OPS 14 5 SPS load 1 SPS 5 SPS burn .01 SPS On , , . i Temp Sensor, T 11 5 SPS load 1 SPS 5 SPS burn .01 SPS On 
"'" T 12 5 SPS load 1 SPS 5 SPS burn .01 SPS On 
IJ 
T 13 5 SPS load 1 SPS 5 SPS burn .01 SPS On 
T 14 S SPS load 1 SPS 5 SPS burn .01 SPS OIl 
T 15 5 SPS load 1 SPS 5 SPS burn .01 SPS On 
Pressure P 5 S SPS load 1 SPS 5 SPS 0.1 SPS ' o. 
F P 6 5 SPS load 1 SPS 5 SPS 0.1 SPS O. :! i -! 
2.3 SO LH2 Tank 2 
U I Liquid Level OP 4 5 SPS load 1 SPS 5 SPS burn .01 SPS .0 Optical Pt, OPS 15 5 SPS load 1 SPS 5 SPS burn .01 SPS .0 
OPS 16 5 SPS load 1 SPS 5 SPS burn .01 SPS .0 [1 OPS 17 5 SPS load 1 SPS 5 SPS burn .01 SPS .0 >i 
, OPS 18 5 SPS load 1 SPS 5 SPS burn .01 SPS .0 
Temperature, T 16 5 SPS load 1 SPS 5 SPS burn 
, 
.01 SPS 
·01 
U 
T 17 5 SPS load 1 SPS 5 SPS burn .01 SPS • O~ 
T 18 5 BPS load: 1 SPS 5 SPS· burn .01 SPS 
I 
.OJ 
T19 .5 SPS load 1 SPS 5 SPS burn .01 SPS .0 
T 20 5 SPS load 1 SPS 5 SPS burn .01 SPS .0: 
~ Pressure, P 7 5 SPS load . 5 SPS 5 SPS D.l SPS D. 1 , \ .. P 8 5 SPS'load 5 SPS 4 SPS 0.1 SPS 0.: 
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INTE!}RATED ELECTRONICS, FROPULSIO!,! SUBSYSTEM (CONT'd) 
PHASE 
I II III IV V VI VII 
Orbit 
Launch- Insertion- Docking- Orbital Deorbit-
E::enig~ Injecti~ Rendezvous Transfer Stay -.!ntry Landing Pos 
--
Discreije 1 SPS 1 SPS .01 SPS Disc 
Discrete 1 SPS 1 SPS .01 SPS Disc 
Discrete 1 SPS 1 SPS .01 SPS Disc 
1V 1 Discrete 1 SPS 1 SPS .01 SPS 1 SPS Disc 
1V 2 Diserete 1 SPS 1 SPS .01 SPS 1. SPS Disc 
1V 3 Discrete 1 SPS 1 SPS .01 SPS 1 SPS Disc 
1V 4 Discrete , SPS 1 SPS .01 SPS 1 SPS Disc .1. 
Discrete 1 SPS 0.1 SPS .01 SPS 1 SPS Disc 
Discrete 1 SPS 0.1 SPS .01 SPS 1 SPS Disc 
Discrete 1 SPS 0.1 SPS .01 SPS 1 SPS Disc 
Discrete 1 SPS 0.1 SPS .01 SPS 1 SPS Disc 
Discrete 1 SPS 0.1 SPS .01 SPS 1 SPS Disc 
Discrete 
Discrete 
Discrete 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn 0.1 SPS On c 
5 SPS load 1 SPS 5 SPS bum .01 SPS On cmd 5 SPS burn 0.1 SPS On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn 0.1 SPS On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn 0.1 SPS On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn 0.1 SPS On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn On c 
5 SPS load 1 SPS 5 SPS bum .01 SPS On cmd 5 SPS burn On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS On cmd 5 SPS burn On c 
5 SPS load 1 SPS 5 SPS 0.1 SPS 0.01 SPS 5 SPS bum 5 SPS On c 
5 SPS load 1 SPS 5 SPS 0.1 SPS 0.01 SPS 5 SPS burn 5 SPS On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS .01 SPS 5 SPS bum On c 
5 SPS load 1 SPS 5 SPS burn .01 SPS .01 SPS 5 SPS burn On c 
5 SPS load 1 SPS 5 SPS burn .01 SPE:; .01 SPS 5 SPS burn On c 
5 SPS load 1 .sPS 5 SPS burn .01 SPS .01 SPS 5 SPS burn On c 
5 SPS load 1 SPS 5 SPS burn .01 SPq .01 SPS 5 SPS burn On cl 
5 SPS load 1 SPS 5 SPS burn .01 SPS .0:1. SPS 5 SPS burn On ci 
5 SPS load 1 SPS 5 SPS burn I 5 SPS bum On C1 .01 SPq .01 SPS 
5 SPS load 1 SPS 5 SPS' burn .01 BPS .01 SPS' 5 SPS burn On c1 
5 SPS load 1 SPS 5 SPS burn .01 SPS .01 SPS 5 SPS burn On C1 
5 SPS load 1 SPS 5 SPS burn .01 SPS .01 SPS 5 SPS burn On Cl 
5 SPS load 5 SPS 5 SPS 0.1 SPS 0.1 SPS 5 SPS burn 5 SPS On C1 
5 SPS load 5 SPS 4 SPS 0.1 SPS 0.1 SPS 5 SPS burn 5 SPS On C1 
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Ii tal 
ay 
md 
f.:::md 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
SPS 
ME 
.- ~~iJt 
;( 
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Deorbit-
Entry 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
1 SPS 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS bum 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPs purn 
5 SPS burn 
d SPS burn ;, 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
5 SPS burn 
, f' 
.. '. < 
VII 
Landing 
0.1 SFS 
0.1 SPS 
0.1 SPS 
0.1 SPS 
0.1 SPS 
5 SPS 
5 SPS 
c;'. 
:J SPS 
5 SPS 
-" •• ,. > '0_"-,(£" •• ,_ 
VIII 
Post-flight 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
Discrete 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On. cmd 
On cmd 
On cmd 
On cmd 
On icmd 
On cmd 
On ·cmd 
On cmd 
On cmd 
On cmd 
On cmd 
On cmd 
I 
!I 
. ~ 
I 
,~ 
, 
, 
Open/close 
Open/elose 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
Open/close 
Remarks 
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Test by flow/volume measurement 
Test by flow/volume measurement 
Test by flow/volume measurement 
Primary propellant measurement 
Secondary prop ell an t measurement 0.3 vdc 
Secondary propellant measurement 0.6 vdc 
Secondary propellant measurement 1.2 vdc 
Secondary propellant measurement 2.9 vdc 
Third-order-level determination 
Third...,order-level determination 
Third-order-level determination 
Third-order-level determination 
Third-order-Ievel determination 
Primary tank safety eventing 
Secondary tank safety eventing 
Primary propellant measurement 
Secondary p~'opellant level measurement 
Secondary propellant level measurement 
Secondary pl~opellant level measur('1ent 
Se·ccndary propellant level measurement 
Third-order·";level and safety cieterminatioI1 
Third:-orderilevel and safety det.ermination 
rrhird~order-level and safety determination 
Third:"'order...;level and safety determination 
Thirdl..order-level and safety detenn in at ion 
Primary tank safety and venting 
Secondary tank safety and venting 
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Block diagrams, schematic drawings, see (Fig. Co..l), and power profiles were 
also prepared. The following is a summary of the electrical power required for 
. ' 
the propulsion subsystem 
PRIMARY PROPULSION - ELECTRICAL POWER REQUIREMENTS 
Primary Propellant Supply 
Valving. Approximately 90 valves are required for loading manifolding, 
separ'c:l.tion, and. controlling the propellants. Most Qf the valves are electric-
ally controlled pilot type requiring from 2 to 5 amperes at 28 volts DC. The 
valves are two-position type, i.e., either closed or fully open. The operation 
of the' valving is slow and, thus, can be sequenced so that at one time po more 
than two valves require power. The operation of a single valve is not requireJ. 
more frequently than once every 10 seconds. Fast action and regulation are 
achieved by pressure from the propellent either in the liquid or gas state. 
Propellant Management, Liquid Level, and Flow Sensing~ The control and 
monitoring of the primary propellant is on a lOiv-demand basis because of the 
large valume of propellant. The 90 optical point, 90 temperature, ~·O pressure, 
20 liquid level capacitance, 16 lea.l{, and 14 liquid/vapor sensors plus the 90 
valVE: position and 4 flow sensors comprise the instrumentation. The opera-
tional requirements ar~ such that it is not necessary to operate all of the 
sensors at the same time. TheSe may be t.urned on and turned off in groups 
according to the mission phase. :During the prelaunch and, operational phases, 
the groups c.an be sequenced for checkout. 
Total power required withoutsequency is approximately 360 watts. 
The propellant management furllction requires about 25 watts. 
Main Engine. The individual engine controllers require about 20 ~atts each, 
or a total of 100 watts. Th/:! en~ine ignition and operational power has not 
been determined. 
c-rl' " 
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Propellant Supply. Approximately 23 valves are required. Operation of the 
valves is similar to those of the main propulsion sys;tem in that only one is 
required to operate at a time. The total electrical load is 2 to 5 amperes 
at 28 volts DC. 
Thrusters. Fifty-six valves are required, and. operating in groups of 4 per 
thruster. The operation of as many as six valves. could be required at the same 
time. For each cluster, then, the maximum power "Would be about J2 amperes at 
28 volts DC. The thrusters would not be required during main engine-b~ 
except for a single main engine burn condition for a maximum of 5 minutes. 
Propellant Management. The 4B·transducers and associated electronics require 
about 20 watts. 
LP~ING AID ENGINE 
Propellant Management. About 8 valves are required for propellant ~anagement, 
operating one at a time. About 3 amperes at 28 volts DC is required. 14oni-
toring requires about 20 watts additional. 
Engine Controllers. Controllers using 20 watts each are required. 
The req~irements presented are best estimates at this time and will be con~ 
tinually changed and refined. Sufficient information has been made available, 
however, to conduct the study with a high degree of confidence for fUlfilling 
the finalized system needs. A contingency allowance of 20 percent across the 
board was included in the study to permit fairly extensive requirement changes. 
c-IB 
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Appendix D 
APPLICATION OF BITE TO ONBOARD CHECKOUT 
~lSC/ A959837 
Vol. III 
Onboard checkout (OBC) provides in-flight monitoring for safety and mainten-
ance and permits minimal requirements to be placed on ground support equipment. 
The test objective is to detect and isolate failures in line replaceable units 
(LRU). The test function may be distributed, centralized, or a combination. 
Following are some factors to be considered in partitioning the OBC system. 
TESTING PHILOSOPHY 
The classical test technique for electronic systems is to provide a controlled 
excitation and monitor the signal flow through the circuitry. For testing an 
online unit, this apprcach interferes with system operation. An alternate 
technique is given in Fig. 1. The sequence of operations would be to test 
the function, end-to-·end, and if satisfactory, proceed to the next function. 
The module tests would be exercised in the event of ~ failure. ; The diagram 
implies that the tester is, essentially, a parallel channel performing the 
same function. This technique, used in scientific computers, avoids errors 
and requires diagnostic routines only when a failure, is detected. Obviously, 
the approacl+ c,an,not be directly applied to an online, realtime system, because 
the tester failure rate would be somewhat higher (as a result of a switching 
logic increment) than in the p:rimary channel. It is of interest to notie that 
triple redundancy with majority voting logic is an extension of this scheme 
and could be considered a fbrm of OBC. 
, 
A different criteria must be adopted for OBC operating Ona noninterference 
basis with minimal test equipment complexity; specifically, the test goal must 
be gross failure detection and not critical evaluation of performance parame-
tel's. The primary reasons :fOI' eliminating performance evaluation are consid-
erations of the instrumentation accuracy required and the difficulty "of ob-
taining and implementing a~equate mathematical models. j: Experience gErined on 
D-l 
.. 
LOCKHEED MIS,SILES Be SPACE COMPANY 
,0 
r 
0 
n 
"'; 
J: 
rrI 
rrI 
0 
~ 
(I) 
(I) 
r 
rrI 
-(I) 
g, 
(I) 
1) 
~ 
n 
rrI 
0 
0 
5: 
" > 
.Z 
-< 
:"1 
t::J 
I 
(\) 
"'-" 
NATURAL 
STIMULUS 
SYSTEM 
UNDER TEST 
---
TESTER 
FUNCTION 
~MODULES" 
. ~. . . . 
-
..... Fl -.... F2 .. ...... F3 .. 
OUTPUT 
DEVICE 
--~-I.~--I~ ~~I~----. 
H Fl .. F2 ... F3 ~ COMPARATOR 
L:iCOMP L1COMPI I • GO/NO-GO • 
GO/NO-GO 
I ~ COMPARATOR ~ Fl F2 F3 • 
FIG. 1 SIMPLIFIED TEST DIAGRAM 
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MADAR (Malfunction, Analysis, Detection, and Recording, a centralized system 
used on the C5A aircraft) has shown aBC to be effective when a qualitative 
rather than quantitative testing is conducted. This has resulted in a major 
simplification of the test equipment, which is constrained to relatively sta-
tic monitoring instead of the more precise, dynamic measurements made by a 
dedicated tester on an isolated unit. The basic measurement used in MADAR is 
voltage amplitude. Signal conditioners are used for converting data format; 
typical examples of conditioning units are peak detectors and frequency-to-
voltage converters as well as common line-drive amplifiers. The acceptance 
limits are pre-set at levels representing a reasonable operating range. Lo-
gical decisions are also a part of the basic program. 
SPECIAL CASE - DIGITAL COMPUTER 
The current trend in system implementation is to use a general";purpose machine 
for all onboard computations. Secondary effects such as unit temperature and 
power (supply voltage and current) are easily monitored but programming aBC 
for a computer logic check is impractical; hence BITE is used. Self-test is 
achieved through parity checks and by programming a sample problem for compar-
ison with a stored solution. The typical program exercises the I/O for a com-
plete end-to-end computer check as well as individual tests on internal func-
tional blocks. The test outputs are a go/no~go signal and a coded word 
identifYing the faulty component. Transient errors, resulting in loss of 
data,are detected by bus parjt,'Y checks. The computer program generally in-
" i 
cludes a routine for handling parity errors; howev.er, storage of a curnulati ve 
count of errors is not included. This cumulative count would be of interest 
in establishing data error rates, a good indication of noise margins. 
DISTRIBUTED VS CENTRALIZED 
BITE (Distributed. Built-In Test Equipment), confined to a IiRU, cannot monitor 
I 
overall performance. Some form of centralized p,rocessing (MADAR type) is de-
sirabl~: to evaluate sY15tem capabilities. Hence, the central processor has 
been retained throughout this study; its implied function is an all-station 
comman1d to test the. integrity of the system cabling, coupled with elementary 
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logic routines to relieve the crew of routine mental tasks and to assess the 
impact of detected failure patterns. 
I ' 
Results from a preliminary system sizing indicate that 2000 test points'will 
be needed for the OBC function in the reference system. A typical signal dis-
tribution for a centralized system is shown in Fig. 2. The functions contained 
within each unit are defined in Fig. 3a, and two variations of BITE Systems are 
shown in Figs. 3b and 3c (remote comparison and remote comparison/decision cap-
ability respectively). Results of the trade study summary (Table 1) indicate 
that the greatest system advantage can be obtained with a total BITE concept. 
The partial BITE, delegation of the comparison function only, is the most in-
ferior of the approaches reviewed. 
The characteristics of each technique are also given in Table 1. The MADAR-
type system requires analog data transmission (differential) and A-D conver-
sion; hence reliability is reduced and cabling weights are high. The partial 
Table 1 
OBC TRADEOFF SUMMARY, OBC SYSTEM 
Weighting MADAR Type Partial Bite Total Bite 
Parameter Factor Score Weighted Score Weighted Score Weighted 
Power 10 3 30 1 10 10 100 
Weight 10 1 10 1 10 10 100 
Cost . 2 8 16 2 4 10 20 
Reli'abili ty 8 5 40 8 64 10 80 
Data rate 5 8 40 10 50 10 50 capability 
Trending 4 10 40 0 0 0 0 
System test 8 10 80 ( end-to-end) "'0,' 0 0 0 
Total 256 138 350 
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BITE approach requires single-line digital data, but the high cost of non-
multiplexed comparators more than offset any possible gain. The total BITE 
system is based upon a need for only 67 comparators. A summary of the test 
point/function distribution (Fig. 4) was used to ascertain this value. It was 
assumed that simplifications in the requirements on th~ decoding logic would 
be equal to the increased number of units required. This is admittedly optim-
istic (804 bits versus 640 bits for the system); however, it is more than com-
pensated by the high probability that the signal conditioners could also be 
multiplexed in a hard design of this configuration. Both BITE techniques do 
not have trending or end-to-end test capability. Degradation detection by 
trend data analysis could still be provided by the central processor for a 
limited number of critical-wear sensitive components (hybrid approach). End-
to-end testing needs are assumed to be satisfied by the sum. of all parts (in-
cluding a cable integrity check) being tested. 
The incremental values used in the comparison are given in Tables 2 and 3. 
Linear multipliers were derived from current data sheets, price lists, produc-
tion units, etc. This approach neglects the overhead base for each function, 
but the trends are still significant. This is most apparent in the total BITE 
presentation where the cabling (on a per-wire basis) and the central processor 
(synchronizing/recording functions only) have negligible effect on the total 
system. 
The centralized system is limited to a maximum data rate capability of 4 MHz; 
this rate is based on a 1 microsecond/bit conversion rate in each of the A to 
D units. The BITE systems are essentially digital; they could be operated at 
higher rates (theoretically approaching 10 MHz). The system requirements will 
probably be closer to 500 kHz; hence any O(rc.:Xllese are more than adequate. 
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Table 2 
SYSTEM PARAMETER INCREMENTAL ESTI~~TES 
Parameter Power Weight Cost 
Function (watts) (lb) (dollars) 
Centralized (MADAR) System 
Analog multiplexer 21.8 1.81 17,200 
A/D converter 8.8 0.66 2,600 
Central processor 51.2 16.0 7,680 
Cable 0 130.0 
Total 81.8 158.47 27,480 
Partial Distribution (Remote ComEarators) 
.. , 
Comparator 300 66.0 58,000 
I 
Digital multiplexer 39 1.92 6,8SQ 
Central processor 12.8 4.0 1 1,920 
Cabling 0 65 ~ O· 
Total 351.8 136.92 66, Tro 
Total Distribution 
Analog multiplexer 10.9 0~91 8,600' 
Comparator 10.1 0.22 ... I 1,943 
Central processor 0.16 0.05 25 
Cabling 0 2.2 
Total 21.16 3.38 10,568 
\. ' 
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Single Channel 
Reliability 
(%/1000 hr) 
0.1360 
0.1160 
0.2560 
0.0032 
0.5112 
0.0146 
0.0970 
0.0640 
0.0016 
0.1806 
0.0.680 
0.014 
0.0008 
0.0016 
0.0844 
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Linear Multipliers 
Weight -
Cost -
Power -
Reliability 
Table 3 
BACKUP DATA 
0.0066 lb/electronic part 
0.002 lb/digital word (32 bits) 
0.03 dollar/bit memory 
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3.20 dollar/electronic part (fab, assy, 
inspection, test) 
All other parts current list prices 
0.2 milliwatt/bit of memo,ry 
0.150 milliwatt/comparator 
0.135 mil·liwatt/8 channel digital mux 
0.080 milliwatt/8 channel (diff) analog mux 
1 x 10-6 %/1000 hr/bit of memory 
0.0001 %/1000 hr/solder'joint 
i 
0.0008 %/1000 hrlbable connector 
I 
0.0002 
0.004 
%/1000 hr/resistor 
%11000 hr/IC 
Ii 
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It is important that the OBC system approach be defined and incorporated as a 
part of the, initial electronics design. The results of this study indicate a 
total BITE concept to be the most economical technique. The design should 
apparently converge the system to a single line as rapidly as possible. In 
favor of total BITE, the original equipment designer, theoretically, can (1) 
select the most critical parameters and (2) incorporate some dynamic measure-
ments (reduced constraint on local tests). The level of centralized processing 
required for reporting status and performing integrity tests on cabling and 
BITE functions should not significantly change the total system. However, one 
major design decision to be made is the application of data management to all 
interfaces. The test data could be interleaved on the now-req1;lired signal 
transmission network. This may result in a "free-ride" for OBC with respect 
to distribution parameters (e. g., cable weights, A-D converters, and a large 
share of the multiplexing). The point ratings (Table 1) for centralized 
(MADAR) and total BITE systems would then becomea,pproximately the same. For 
this case, the selection of a preferred approach would be based on reevalua-
tion of several parameters such as higher data rates (e.g., control operations 
require greater bandwidth than test f~~ctions) and definition of multiplexing 
responsibility (signal or test function). 
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